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ABSTRACT 


Metallic oxide and sulfide powders heated by micro- 
waves at 2.45 GHz were, according to the literature, reported 
to exhibit a cut-off temperature phenomena. The temperature 
"cut-off" effect was thought to be caused by an increase Or 
conductivity of the sample causing most of the microwave 
energy impinging on the sample to be reflected. Since micro- 
wave heating is strongly dependent on the dielectric loss, 
which include conductivity effects, in a material, the pur- 
pesesor his thesiseis to investigate.the microwave yielec— 
BLic properties sofemetal oxides as agfunction of .temperature. 
Results -of,the investigation are used to explain the temp-— 


erature "cut-off" phenomena, 


Dielectric measurements were made using a thin, short, 
rectangular sample centered in a waveguide. Resulting data 
were interpreted using a modified waveguide perturbation 
theory by accounting for sample interface reflections. The 
final equations had to be solved iteratively. Temperatures 
were varied over the range 25°C ~ 900 C. Results of ex- 
periments show that the microwave heating rate for the com- 
pounds tested depends strongly on the dielectric constant <' 
aAngwOSSs Pactor 5". (High values of ¢* and ¢* cause more 
microwave energy to be reflected. The amount of energy in 
the form of heat absorbed by the sample is determined by e". 


EQuSiOC UO LUCeMaLentals COpued,, (bOtn ¢* and ¢£" values 
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increase with increasing temperature causing more microwave 
energy impinging on the sample to be reflected. Nevertheless, 
some energy is still transmitted and absorbed by the sample. 
This absorbed energy is balanced by heat energy loss to the 
surroundings through conduction, convection and radiation. 
This balance of energy leads to the temperature "cut-off" 
phenomena observed. In other words, the sample temperature 
increases to a given maximum value and remains constant at 
that level with respect to heating time. Higner? *cur-orr* 
temperatures can be obtained by applying a higher level of 
microwave power to the sample. Dielectric data obtained 

from the experiments show a number of interesting character-— 
istics including an apparent relaxation peak for zinc oxide 
occurring at about 200°C. However, experimental accuracy 
was rather limited for some of the materials tested due to 
inherently low dielectric loss factors. Further interpreta-— 
tion of the oxides' dielectric behavior versus temperature 


requires more accurate data. 


Errors are mainly caused by attenuation uncertainties 
and the approximate theory used to calculate the dielectric 


constant from the experimental data. 


aa. 














= 
= 7 


? 

oY ‘ero ti tom cn wens ui CG Its “+r gntase vad. i — 
(ew! tyes , Poa f t sn eh sins pe re ontintamt’ 6 cenit 

sete . ad wa bete¢imensat biryse <2 gore omon 






Ad . 
| Boonsied si yowane Se@wonds svar 


nersoprbvien ees * apothawos ee 


4 {J o¢ 2baet viwtete to ganeiad me 


; rcp 6 @& ease 19ont 
— 
i onzercest of Soeqney ritzy Devel game 
t se) i- t ner’ ay! Fa tein - 7 
; ; 3 
mse eft 07 3swoe) ov veworstm 
7 = - _ 3 
rh frirct wo rae aff wert? ¥ cy 


ato2 t02 besinil redex a5 oe - 
nsq epol pawselsrb wol eltnazedat 


sieib ‘ashi o fv to not? ¥ 


—_) 
2 = 


> 


2760 SIUBIAOAS Sigh 2aTLupot 
4 7 - 


5 i - 
Potesiaesor octt+aunsies vi beeteo yviniam ose e207 cx - 7 


Ssiuscefeib edi etelunisa ct Seeu ‘neers OIanis ROUTE. ents fas - : 





ott ace > 





4 
.oteb Isynemctegze art: 


oo eA 
= ’ = _ Oe os 
an 


7 













ACKNOWLEDGEMENT 


PD eemenoslegralerul to Dr. W. R. Tinga for his patient 
guidance and encouraging discussions throughout this work. 
Pewoulia leo eke LoOpextend my Sancere gratitude to Dr. Y. 
Niorin for sniswinany helpotul suggestions. In addition, I 
acknowledge the skilful aids of the technical staris or 


the Department. 


vi 








Snsiten Bid Wo? eoalT .A Waxes fetesare : ; 
aAazow 2it pretipt iid eticigavoatn poihewioone one SonabruR 
A .20- oc? sbuttteip ovsonis “yn Passa cd otte sets Bivew’® 
I oes 266: ni 2n0f7 asppua Ui iar VivEir- otf we? nbapie “« 
¥o. ad%eda les) ufoet ott 40 able. THAEIMS eae sphe tvciatnn 


tint segsa end 


es" 





CHAP TER 


TABLE OF CONTENTS 


a INTRODUCTION 


A. 


B. 


en 


DE 


his 


Purpose of the Thesis 
Review of the Literature 
Choice of Method 

Choice of Sample 


Outline of each Chapter 


Ste Om mOo tno tes 


2 THEORY 


Ae 


ViGrodgucc Lom 


Development and Limitations of Perturbation 
Theory 


Theory Of Reflection from a Multiple 
lipmmeleye BSlelS 


Iteration Technique used 


Higher Mode Interference 


List of Footnotes 


3 EXPERIMENTAL METHODS 


A. 


Be 


Uhh er Role Nave els! 

Experimental set-up 

Tee bCGLe lt OM spr Loge JCLrou Le 

2. onple Mount eosin 

3. ~emperature Control and Detection 
Calibration 


1. Calibration of Sample Temperature 


si gal 


PAGE 


-. | “Sa Cx 


a 
= 
- { y 
i i ‘y 4 VO 2 7 
, 
q 
r 
aM. | spiced .o 
~ a o | 
4 ? coy o Wb 
\ 
re 5 =} a Pee OI } o 
oe" > i» ; 
7 1 %, , «a ‘ ’ -Eut iy 
‘ 
s<3 sir Y _ 
AGIA a-- 
i i 
7 a n ¥ fi 
f } , t7n] < 
4 
- os r hy 7 
‘ fare ' yoieved .#8 
3 
ne see MOT . a 
As fia : 
ne = . ‘gan! 
J ; Oo Vi is Pee 
a os —_ 
- >A aa}° . 
= 4 
‘ 7 a ~a4 T 4 
ids) i lve iss t o\s 3 
: ‘ arte +3 ‘ . 
i fi pick i A ih ot : 
r 7 ee 
a i 
: a é + dive t 
a z yo oe sw Jak] 
— 


ont dome 


quate2, Dedriemtsaqge a 


ROLTIVICHTMI fC 










ASTIAND 


ii ya A 


i7nat .A . : 


a 


fame ie 2 is - ys 





2. Phase-shifter Calibration 
De Cal ret iOn or tne microwave bridge using 
samples with known Complex Dielectric 
ComstaniL Seana. comparing .results of cal— 
culations of two sample cells on the same 
sample 
De Measurement Procedure 
EB. Measurement Errors 
ie Mismatch Errors 
Zope rOors ue tO. iherma! Expansion 
3. Multimode Propagation Errors 


A lemperatiire Varravion Errors 


De Violation of Perturbation Theory Assump— 
tions 


6. Other Experimental Errors 


F. Heating Time Measurement using Microwave 
Energy 


Experimental Set-up and Measurement Procedure 
List of Footnotes 
4 EXPERIMENTAL RESULTS AND ANALYSTS 
A. LOCEOOUCTION 
B. Experimental Results 
Gy Analysis of Data 


1. Data on Physics and Metalluryoy of Materials 
Pesved 


2. Probable Dielectric loss Mechanism - 
Dipolar Relaxation and Conductivity 


3s Explanation of Temperature Cut-off Rrtect 
Dist of Footnotes 
De CONCLUSLON 


BIBLIOGRAPHY 


viii 


477 


100 


103 


vb 


oitan epb luc ovewainaaie ott 38 reopen 
St ytoelord x9 fQMoo 


at ty 


10 


sense sit ne effss iguat 4 poe "oe pakorroy fed 


efsinstem: to youl ipsam bos apie moa ted of 


nobseudehed ned hide~eesda & 








ad fsa ond" 
aiqmse 
— ainthepes jee adem a 
a dyad JnemenpeseM ‘s 
enous Ho dbmeakt af 
ae IsmisdY oF. 90h are77t .S 
| atc 8 notiapeqoa® whémks tier & 


21c1at nothe av eqvesegmet sh 


yiosd? adivedust1es to. nortstorV .t 


enoLis 


svot1a feinemibweqem serie .8 


worl pitbee Jngmeiveseit ont? palteeH .4 


--yoren’s 
Ineme3vassm bas quetee [stnemt12qxa 


setontect Yo tahl 


avda Ms - omnes ATU SaA IATHEMIASINE . 


Aetdoubortal .A 
atinveen Isthemiasqxl ,d 
subd We ateylendA .9 


oe | 
b 4 














APPENDIX A — ERROR ANALYSIS 108 
APPENDIX B — COMPUTER PROGRAM FOR ITERATION METHOD 113 


APPENDIX C - IMPURITIES OF COMPOUNDS TESTED sisal aha 


te 








ee i oi. - 4 
he 
Ot \ SISIAMA HOM = A a 


‘ ® 
EL | Mm MOTTARE? ST pO ARTUGMeyY = of 


i 





; rn 
carrer sauedrey to Seer raver — De 


LIST OF TABLES. 


Comparison of test results and literature 
data 


pummMary Of Uncertainty errors for Cuo 


Totalsuncertainty errors .for sample materials 
tested 


Estimated worst case error due to evanescent 
modes 


PAGE 


64 


100 


101 


Tie 


~ i 
re abe 
, : — : - i 







syjeseiil Bus etiveor tes 30 se ccunaggig 
ha . 


Oot Sy rot s1ct3e yhoissrspaN ae vrei I-A 


afleiieiom cigitse 102 eters aid +A | 
for L 


ayvh 10t1S S862 238168 laine 


Fig. 


EO. 


Pi. 
FRG 
Fig. 


Eo: 


2-9 


2-11 


2-12 


LEST OF irTGURES 


PAGE 
Microwave heating curve for CuO 2 
S-band guide and sample slab cross-section 14 
AEE MatLOMm Vensus Pi liing-factor “w/a. “in WR- 
975 waveguide at f= 915 MHz(20) 20 
CempresstonvwoL Euhiela tinto: slaboft high es! 
in a waveguide(22) 20 
Polarization around sample with w comparable 
tosh 23) 20 
Construction of quartz sample cell ae 
Multiple replectrons of *threetlayers of di- 
electric in a rectangular waveguide, top view 24 
Reilection "from an interface of two di- 
electrics 24 
Top view of sample mount and sample cell 28 
Flow diagram of iteration method used 33 
Symmetrically loaded waveguide 5a 
Comparison of approximate propagation con- 
Stant wltl texaect Vso butwon «as “a Viuncticn tof 
relative dielectric constant (17) 35 
Comparison of approximate propagation con- 
Stantsw with exaceesolution-+as) atrunctionm of 
dielectric thickness (17) 36 
Mogde multer Construction end wall current 
LOM SLETO, TE9Q, TEQ1 modes 38 
Experimental apparatus 41 
Sample mount construction detail 43 
Sampleytemperature calibration set-up 46 
Metal lens and lens barrel of infrared camera 
detail 46 


xi 


Of 


ee 


Ou 3 


mo. «| 


anes. aa ee 


2 evivs patdes syewomaa $-f 


(25) dalupsvew 


viquee biveia aopsesrasiag #5 
(éo)a ae 


siqmea stisup a> Hendouvieno® 2-8 


anus to @96tios lies, Sig latet ds 


vs~w Blue’ Ine4q 2 AL Ser2oele 


sé7asInt AS eee neabeeTsay TE 
 @aluspeiie 


bis Sotrem efemies to weiv der 6&-& 
bortem noldedsrt ta te spelt wort e-€ 
sbiupevew bebsel giles iatemmnys GL.¢. 


tspsqoiq 6ifsatxkotqas 326 Pee ta {L-$ 
is 26 nortotae gases ctiw ve 
((l)idasenos srvvtoeieib ovtvaier 


=f05 Aoltenbaorg areintxorgtys #0O noahtaqmed — 
acnede 


26 Heijoned 6 26 oolsuto 


(ts) sasmivantt 





ha aioe! eas 


pee leis 


Jefe signee bis sbring boed=&. i-5. 
162 YoOsLbes. suemay Sipe <3 s-< 
C)sHM @10 21 Gs sitgpavew €me 


otnr Disit aite Bointssaiee €~¢ © 





















the kai 


Bag, 


ibakepe 


em 


Lo. 


Lee 


BLOG. 


PAG 


Big. 


Fig.4-5 


Phase (change a5 a function of temperature due 
to expansion of sample mount 


Percentage difference between the values of 
the propagation constant J=a + JGa os, 2 Dunc — 
ELOn Of “wea and ¢. at 34,5 GHz foro =10 mho/m 
OM eva 3.07(20) 


Microwave heating set-up 


Real and imaginary parts of complex dielectric 
constant of CuO as a function of temperature 
at 2.45 Giz ond density of 2.3079 am/cc 


Real and imaginary parts of complex dielectric 
constant of CuS as a function of temperature 
gigs oeGiz ano density of 1.549 om/cc 


Real and imaginary parts of complex dielectric 
constant of CaO as a function of temperature 
Ste ces oGiz and oensity Oo: 0.275, om/cc 


Real and imaginary parts of complex dielectric 
constant of ZnO as a function of temperature 
ateeweoNGi4, Cho ley Of .616 gm/cc, See ficg— 
ure 4-5 also 


Real and imaginary parts of complex dielectric 
constant of ZnO as a function of temperature 
dte2.o5 Giz and density of (816 gqm/ce (second 
interpretation) 


Real and imaginary parts of complex dielectric 
constant of PbO as a function of temperature 
ot 2.45 GHZ7and density of 2.78 om/ce after 
OVenmOLy i iOed wn tOO (Go for 2 hours, See figure 
4-7 also 


Real and imaginary parts of complex dielectric 
constant of PbO as a function of temperature 
at 2.45 GHZ and density of 2749 om/cc before 
DV Cliaciy 1c 


Devected temperature Versus time of CUuG Weing 
microwave heating with sample density of 
2.290007 cc 


Percentage power reflection versus detected temperature 
of Cu0 using microwave heating with sample density of 
2.29 gm/cc 


Detected Cemperature-versus time for ZnO using 


microwave heating with sample density of 
,o2 om cc 


x 


a3 


54 


58 


66 


‘eye 


68 


70 


opt 


74 


76 


V2 





~s. 1) eae 
orth givtetaqmes 2O ret Paras, a 26 SDN, rae ee pet * 
Ee tapcn ‘afqmes TO | J | 


1 aauiev edd seswiad sonwienttS cpedie tial Geer eeem: 7 
ts 86 at + >>) dnetencs WeETepeqeat oa, 1 i 

mvodn Ofs Orde aH -¢,8t ve “3 lay BWW tc 
(Ho) VE, EV="9 Go 


Weise ohidesd svewoxsid T-6 seee 


Mc WW<-2 Se i 
tuayeeieib xelamo> ic 2&2 sae Wren pent its Loan i-s Ett 
wéeieames is cotipnw?. s, 2a GEO tea Jaaseoce 
. ‘s\am OCS .o 35 (if erSstsSieeeE ofa e ee 


~tyrroeloth 2 2 CIMG* bbs =, ; 
- om wie a if). 2070p S6o0o 


aq Mien thet bos ey, <8 624 ; 


TC 7eacm j 
ra so. @Ac, f° 3c 135 bas =e 2S 2e 
b xel eriosnct bose Team, E-b Bae 
= OB? 2060. %nABbaa 
hi /te) i if Fe) ct Ss 


>: diieq) wusdbgemt ims teem $4) eee 


o£ TIVELOLD: KSLOLe a] 
See ee S is. 26 Shc lven0o 
t > “ . : ngs aer ee 7G 

i | on 


+ xo? et, ry 3 ved ay Peay topiat ‘baw {weve cb pit 
mma? 2 NOL SAD 2 25 Or oO 2gevenoo ' : 


7 
so\oip O'S. Io yis> 8b bie: SR eos Je . | 
(ProLo See 19 Fit. : —. 7 


5 

g 

. 
a 


{y { 


abagpelaré xslameo to adisq vested: ban feon J—h. DED ‘a 

StOSB 6058s. to max lalate s 2B OF¢ 30-AqBI BeOS : = fi y 
$45 scl\n Bay.% Yo viisnel- bra_say e..5 26 a : 
2"G04 “26 BASED ABVO oe 
cals V+} 


obtimaleih xeiqnoo 7o atseq yacdignmh bas teen (ts? -0i8 te 
Sitiipteqmes 26 aolpontis. & 26 OU to Soe tene 

Ssioied So\ip 22.5 to yerenem, Sis a ek, 7 - 

ey | oniy1o | an 





Fig. 4-11 Detected temperature versus percentage reflec- 
tion of ZnO using microwave heating with sample 
density of .382 om/cc 79 


Fig. 4-12 Complex dielectric constant of CuO as a func— 
tion of density at room temperature 81 


Pig. 4-13 Build-up of polarization upon sudden appli- 


cation of steady field (34) 88 
Fig. 4-14 Decay of polarization upon sudden removal of 

steady field (34) 88 
Fig. 4-15 Debye curves for a dielectric material with 

Eg=8, €e4=2 (36) 90 
Fig. 4-16 Shift of €" curve as temperature increases 92 
Fig. 4-17 Shift of €' curve as temperature increases BZ 


Fig. 4-18 Loss factor €" as a function of temperature 
T showing separate effects of dipolar re- 
laxation and conductivity. (refer to figure 
4-4) $15} 


Fig. 4-19 Loss factor €" as a function of temperature 


T with effects of dipolar relaxation and 
conductivity ‘overlaps (refer to figure’ 441) 94 


Seat 


fel tox rage ree. evawsX 
alames iviv giigss : 


ey 


£8 


2S 


88 



















<ofet Gg 24 Bin 16 ‘oki gelts mi pea 
TsTeqewys Moot 


-iiqge n@itue noqyw metres. taLog Pa Syn 


(sf) Giel3 


io (s¥eqe1 asbhGywe, nog sok saat ge 2¢ 
vo yHlor2 





fjiw letreteam oiautoe leih @ I)S2 Savio a a3 
(gE) $= se) 25 


zanAsiuni siugsi9aned es s¥alo Ye. to #tedS alk .oee 
sseeniont sipjeis@Hed ss Ssyiho° 3. 3c) 16a The} .Dit —_ 
sicteieqmet tM pokiahy? © 26'S aotast eael S1-8 2oae 


$+ talcealii In atoeits = frees eaters tT : 7 _ 
ever) of w3eT) |. ir> et? SubieS Ben tee esa : : 


bas aotusnsia: udiaiiih da ealoat te seein 2? . 
tiné otuprs ct sted) .qsiaayva yl ivigniiico a: 


SIgtftoetes Fo ocr tone & 2g: 9g Uybet 2ent eft pf, - 
- 


CHAPTER 1 


INTRODUCTION 


Americ pose or the? Thesis 


The use of microwaves as a source of heat energy has 
become increasingly attractive. The desirable features 
of microwave energy are its selectivity whereby materials 
can be heated to a high temperature in relatively cool 
surroundings, and the rapidity with which the heating 
can be accomplished. However, parameters such as heating 
rate, temperature rise and power penetration depth all 
depend strongly on the complex dielectric constant of the 
material »beineg-treated(1).- Therefore,’ in order to utilize 
microwave energy effectively and economically, adequate 
information about microwave properties of material must 


be available. 


Behavior of metallic oxide and sulfide powders heated 
by microwaves at 2.45 GHz has been reported by Ford and 
Pei(2). In their experiment, a different heating rate 
for different oxide samples was observed. But the most 
interesting phenomena observed was the existence of a 
"cut-off" temperature for a number of oxides beyond which 
the temperature remained constant even after further increase 
of microwave energy, see figure 1-1. The temperature 
"Cut-off" effect was thought to be caused by an increase 


of conductivity of the sample causing microwave energy 
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1100 impinging on the sample to be 
% mainly reflected. But this 
Ye 900 
c theory remains untested and 
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o the temperature "cut-off" 
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roacralell phenomena remains unexplained. 
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O a 2 3 a 5 is strongly dependent on the 


Timesin manwtes 
Fig. 1-1 Microwave heating dielectric loss in a material, 


CUrVEeelOon CuO 
ag scudysonvitherdi electric 
properties as a fuction of temperature and frequency should 


reveal the answer to the temperature "cut-off" phenomena. 


A literature search reveals that there is little data 
available on the microwave properties of metal oxides at 
high temperatures. This makes the analysis of these materials 
and the general prediction of their microwave heating 
behavior quite difficult. The purpose of this thesis is 
to investigate the complex dielectric constants of euprae 
Guide, £cupracpsnitidenicalciun Oxide, lead oxide and zinc 
oxide as a function of temperature up to 900°C, the upper 
temperature limit of 900°C being set by experimental 
limitations. Secondly, such data will be used to 


explain the temperature "cut-off" phenomena. 
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Beenikeviiew som the, Literature 

En 1953,).an extensive compilation, of dielectric data in 
the frequency range from 100 Hz to 25 GHz and temperature 
range from -200°C to 600°C was published by Von Hippel (3). 
His book includes a general theory of dielectrics and its 


measurement techniques. 


ras G0C 7, Uieeexperiment on high temperature chemical 
processing of metal oxides using microwaves was performed 
by Ford and Pei(2). The following year, a swept frequency 
technique was used on cupric oxide by Ford and Tinga(4) to 
investigate the high temperature complex dielectric constant 
ObyCUPR Cyowmide and other metalliaG oxides. aalhe tempesature 
reached then for cupric oxide was only 2/0: Geen ptnene avas 
no. conclusive data to. quantify the-temperature.cut—off 


ebrectuot metallic sos des. 


in eo Oyeta; pulkicationnenket | edja'Standarc) Methods sof 
Testearenor -Conpitex spermit tiv ity rot 1So bid-ehlectrmuealeinsulating 
Materials at Microwave Frequencies and Temperatures to 1650°C" 
was published by the American National Standards Institute(5). 
The paper outlined the shorted transmission line method 
and the resonant cavity perturbation method for testing 


solid specimens at high temperature. 


A high temperature shorted line measurement was also 


made on alumina at 10 GHz by Wickenden and Duerden in 1972(6). 
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Thervr, paper described,.the use of. the shortled—line 
technique for the measurement of permittivity and loss 
tangent of alumina at elevated temperatures. The method 
o£ computing the dielectric parameters from the observed 
VSWR and displacement of the minima due to the introduc— 
tion of the sample was outlined and the errors associated 
with this type of measurement were discussed. The above 
methods ,are not ideally suitable for .the materials under 


consideration here. 


timth973 jidieleotric properties, of materials for 
microwave processing were tabulated by Tinga and Nelson(7). 
AgBioteRrdescr hoion) wassoivenwot sche dielectric) dispersion 
and irelaxatwon-as a function of wisequency and temperature. 
The dielectric constant and loss factor of many materials 
were stab lated vas .Gunetions 3, Erequency ,7.temperature, 
moisture content, and composition. Materials were class- 
Pores ace lOc Lured progucts, Biological materials, Foods, 
Forest, products, Leather, Rubber, and Soil and Minerals. 
However, no information relating to metal oxides and 


SUuULEI des was foundsin this, cabulation, 


Recently, Couderc(8) used a bi-modal technique to 
determine complex dielectric constants of Mycalex, Centra- 
Dabetyoe B02.) Corning 7/40,end iron Sulride as 4 Lunccion 
of temperature. His method used one resonant cavity mode 


for, Neating and Simultaneously another mode for measurement. 
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5 
Since the two modes were well isolated electrically, samples 
could be heated and measured simultaneously with microwaves. 
However, Couderc's method would be limited to temperatures 


below "cut-off" temperatures for metal oxide measurements. 


Another important contribution to the understanding 
of temperature and frequency dependence of the complex 
dielectric constant of metal oxides was made by Weickman (9) 
prelVOGOR Sinehis@paper, Svariat ion tot tcomplex “dielectric 
COonstanbyo® cuprous oxide; ,Cu 50; tasvactunction of 
Temperatures (2/450 Keto 0314 75eK)irand uirequency @(8 Giz to 
26 KHz) is related to the variation in the depletion 
layer formed around each copper inclusion embedded in the 
semiconducting material. Calculations are based ona 
highly simplified model of the copper inclusions) Be 
havior of other semiconducting metal oxides was believed 


due to the same mechanism. 
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C. Choice of Method 

When looking for an appropriate technique for 
measuring the complex dielectric constant of materials 
at microwave frequencies (3,10, 11, 12,13, t+, 16) one 
finds that measurement techniques are divided into three 
major classes: 1) resonant cavity met tod sij9p2)/ lives space 
methods and 3) transmission line or waveguide methods. 
The choice of a particular method is determined byta) Ogeo = 
metry and makeup of the sample to be tested, b) environmental 
requirements for the sample, c) Simplicity of the measurement, 
qd) accuracy desired and e) frequency used. After a 
particular method is chosen, the experimental technigue 


is modified to suit a particular need. 


The requirement for reasonable temperature control 
at high temperatures narrows the choice of method down to 
either the resonant cavity method or the transmission line 
method by which samples can be confined in a Cavalty Or 7a 


waveguide and then insulated against heat loss. 


For the two ISM* frequencies used in industry, namely 
915 MHz and 2450 MHz, a resonant cavity would be large and 
difficult to heat uniformly using external heating elements. 


Thus a waveguide method was chosen (16), 


To assure rapid and, above all, uniform heating, a 


Sample partially filling a waveguide in a region of 
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i 
relatively uniform electric field is used. Sample length 


is chosen to give a reasonable temperature distribution 


and a measurable attenuation. 


Using a precision microwave bridge, the propagation 
constant of the sample is determined by applying perturbation 
(heomyetoetheethin gielectric sample in the waveguide. 
However, measured attenuation and phase shift.values obtained 
from the bridge cannot be used in the perturbation theory 
direcrly due to interface reflection and higher order mode 


propagation in the sample mount. 


Toscorrect for interface reflection, the multiple 
reflection problem is solved to yield a transcendental equa- 
tion with respect to the propagation constant of the 
composite guide and sample, ¥. By solving the resulting 
Edualilony iteratively, assuming a trial solution of the 
complex dielectric constant, the actual % can be 


calculated. 


Regarding higher order mode propagation, Hord and 
Rosenbaum (17) showed that a two-mode approximation 
should yield accurate values (-10%) of the measured 
propagation constant for most waveguide loadings. Since 
the TE9; mode is coupled most strongly to the TE,9 mode, 
and its cut-off frequency is the lowest of the coupled 
Nighnéer order modes, longitudinal slots cut in the 


middle of both broad waveguide walls should prevent the 
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propagation of the TE91 mode and attenuate the propagation 
of the TE59mode. With the two higher order modes 
ertectively filtered out, propagation will essentially 
besin the fundamental mode thus satisfying another of the 
requirements necessary for the application of perturbation 
theory. However, there are mode conversions (evanescent 
Modes)  tiethiestront ana the back of the sample slab. Since 
the length of the sample slab is small Aas with a wave- 
length, these ised meee conversion effects could Gause an 
increase in measured attenuation values. However, in the 
error Calculation and estimations, these effects are accounted 


Lom. 
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Dee Choice of Sample 

FOr materials tested by Ford and Pei, cut-off temp-— 
eratures reached as high as 1900°C. To aenreve this high 
Lemperature, Ohne requires a large energy source to heat the 
Semple and good insulation to prevent heat loss’ and damage 
to adjacent measurement equipment. Thus, the choice of 
Sample is in practice determined by the maximum attainable 
temperature of the available equipment and availability of 
wWiewsemple. Due toethiese limitations, réagent grade cupric 
Dato wecipelerest fide, 3 cCa, cium Oxide, lead oxide, and 2ine 
oxide were chosen. Their cut-off temperatures at BOO Cs DOO Gy 
B00 Cc meO0C0.C ana) 1100 G respectively are typical of the 
MaceriateecesccosDy FOrd and Pel., Yeu, these temperacures 


are low enough to allow the use of conventional heating 


methods using external electrical heating elements. 


BeeeOULL Ine OF CaCl Chapter 


Chapter two is devoted to the development of the per-— 
burbabton theory, ats limitations and a solution to the 
multiple interface reflection problem for which an 
iteration method is used. Approximation technicues for 
dielectric loaded waveguide and design of the mode filter 


are also: outlined in this chapter. 


WLol the heli sot they perturbation theory and the theory 


Simul plewreriectigie, dielectric constants for cupric oxide, 
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10 
cupric sulfide, calcium oxide, zinc oxide, and lead oxide 


are calculated from data obtained using a microwave 
bridge technique. The validity of the measurement method 
used is then tested using samples with known complex di- 
electric constant. Chapter three gives the detailed 
construction of the measurement bridge circuit, the 
measurement procedure, the heating method and the Seine 
Eton procedure. Sources of errors are also discussed in 


the same chapter. 


Results of the bridge calibration, measurements on 
different metal oxides and/or sulfides and temperature 
versus time measurements using microwave heating are given 
in Chapter four. It is shown that the behavior of these 
acer ia Sedcea LUnCllonens temperature: can be explained 
BYeeNeec epotarsrelaxavion and 'conductivity of the 
material tested. The so-called "cut-off" temperature 
for a material seems to be due to a balance between input 
Microwave Gneroy and heat Joss through conduction, con— 


vection and radiation. 
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List of Footnotes 


STSM stands for Industrial Scientific and Medical. 
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CHAPTER 2 
THEORY 


A. Introduction 
A detailed review of the perturbation Lheory,. 1ts 
limitations and its use in calculating the sample's 


complex dielectric constant will be given in this chapter. 


internal reflections from the Sample's boundaries and 
those of the quartz sample cell being used will give 
erroneous readings of sample attenuation and Riese esi i. te 
To improve these readings, the multiple reflection 
problem for} three layers of lossy dielectric is solved. 
Since this results in a transcendental equation, an 
iteration method is developed using both the perturbation 
theory and the multiple reflection CHeOLCy toe solve for 


the complex dielectric constant of the Sample tested using 


the experimental data, 


It was shown in the paper by Hord and Rosenbaum(17) 
that a centre-loaded guide will introduce an overmoding 
problem, Since the modes coupled most strongly to the 
fundamental mode are the lowest order modes with the lowest 
propagation cut-off frequencies, accounting for the next 
two higher order modes will give improved results. For 


our experiment, rather than solving the two modes 
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approximation problem mathematically, a mode filter was 
constructed to suppress higher order modes, thus improving 
the accuracy of measurement results. ineory=et che two 
mode approximation will be given in the last section of 


this chapter: 


Et = 
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B. Development and Limitations of Perturbation Theory 





Fig. 2-1 S-band guide and sample slab cross-section 


Following Altman(18) amd Soohoo(19), the perturbation 
problem is solved below. Consider an infinite uniform 
waveguide with an infinite, uniform slab of dielectric 
centered on the broad wall of the waveguide as shown in 
figure 2-1. For the composite structure, let the propagation 
constant and) thettields tat each point be \Aerend & 
respectively and characterize the perturbing region by 
§& and p- For the unperturbed waveguide without the dielectric 


Slab, denote the same quantities above with a zero subscript. 


Then E and H will have the form 
aS: sat : a 
oud fi ey rie (2.1) 
a oer lene, (2.2) 


—. — , ‘ 
where E' and H' are functions only of the tranverse coordinates. 


For the unperturbed waveguide, Maxwell's equations then 


become ncaa 
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Using. jneavector identity; 
GxaM=aVx M + (Va)x™ 
Weipa hep bee ta. (ORNs (ie HO) 


Woot Hite 
: Se} 2 lee = L ras ee 
ay Bas ae = as te il (2.5) 
where a, is’ themunit vector in the & direction. 


Mach; equationse(2938)@and, (2.4) become 


(Vx Hy y- (ab x 4) = jog & Dee 
(Vx El) = (ax 5 %E) = -jun,H, (2.7) 
Similarly for the perturbed waveguide, 
(Fx H')- xjVH')= jwe,E outside AS (2.8) 
(Gx) ~ (ay x VW jose’ inside AS (2.9) 
(7 x E)- (a, x hy EB) = ~j wp, H’ outside 49 (2.10) 
(Fx E’)- (a, x j ee te mith inside AS (2:11) 
Multiplying equations (2.8) and (2.9) by E'* yields 
(E)*.VeW')- (EM. ag x j¥W')=j 08,8 EB outside AS a0 
OEpeal SIE Seay Vie Wate ak wala sitpeens (2.13) 


where * represents the complex conjugate. 
Ssimitarty, equations 2.10})°and@(27119%become 
(Nitsa EM Migecas iy) E) Aaja tall; K’ thesutelesagent (7.14) 
(HA. BE) — (i Pa eah oe) dtu Hbl- Heduinsideoad 15) 
Multiplying equations (2.6) and (2.7) by E and H! 
respectively gives 
(ia PRN LR NG Eacage: GM, Hye) aexant, ESSE (2.16) 
(Wi. Fx EL") + (4 ay x 5, BMS igm Agihe (2.1) 
Combining equations EN LOI GTSE ae) (en ah ia ores] and 


integrating over the rectangular volume V, with sides a, 


b and length of sample slab 1, one obtains 
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Wik Te ae Kee? 

=jof [ce-s) nies HAG) UH, -H taV (2.18) 
Using the vector identity, 

TGA xB) er A re) 
Pie Lies antegral becomes, 

i [sy mC cee al hed AY (2.19) 
Using the divergence theorem, (2.19) becomes, 

PS ee Se, ee os 

(CV. (A'x E JE ay (ieee lay 

=) (Hx Eo” eH aE )* a3 (2-20) 
where 6 Ms the surface enclosing the volume V. For propagation 
of the fundamental mode, E' and Bix are perpendicular to the 
conducting surface of the waveguide, thus parallel to dae the 
Outward normal vector at the waveguide surface, and the surface 
Lawegrale(2.20) vanishes. However, depolarization of the field 
and propagation of other than TE modes will introduce E' and 
Bix components which are not perpendicular to the conducting 
Surface of the waveguide. Thus equation (2.20) will have rs 
finite value and errors will develop in the subsequent 
equations. Therefore, equation (2.18) reduces to 

~4(4-1,) | [Elda x WW 2, x Pav 

=j0-Y)f CE x HH * BE] a, LV (2204) 

With the existence of evanescent modes at both ehicie "OL 
the sample slab neglected, equation (2.20A) must remain true 
FOr any Length, so that integration over the cross-sections 
must also be equal assuming uniform cross—section. . Here 


again, some errors are introduced by the existence of other 
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(0) [LER xB) (WE x Fad de 

= joo | ey Pee 4 (= py) WO alia (202) 
as 

Rearranging terms, oc gs D. Pee 
4 w)  [(8-8,) B.% E+ (e- mH* HW dda 
We ee 
jest Meleinis ek Sete 
EP ee ay Ere ar) 
=) ° ° 


Assuming non-magnetic materials such that M=loequation (Ore) 


becomes 
PI Cao ee da 
een ee eee eee Se ee ee he. 
jenewhil, (En eperine Was 13 (2.28) 
$ 


So far, the only assumptions made are that the sample 
is uniform, homogeneous, non-magnetic and only the fundamental 
mode propagates. But if the disturbance caused by the sample 
slab is assumed to have but a small localized effect, with 
AS<AS” and if nese and E=Eo outside the per turbange reqion, 


equation (2.23) becomes 





we, (es ae) ae aie 504 
ue a a = AS 
Awe PATA Gx att) 


Zz 


Since the average power flow, P, is equal to s\ ER) a 
5 


equation (2.24) becomes 
WwW dee, Sy hy Ete Aa 
4+? 2925 ) 


§- ¥ 


TE-EMisegqiven by"F=¢'=jE")" yin tirh is* Gompléx*Given by 


Be a aency is the attenuation constant in nepers per meter 
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and /3 is the phase constant in radians per meter in the 


MKS system. 


Separating equation (2.25) into real and imaginary 


components 
py C= 1), (Bt -E‘) da 
A rs OS 
eg One 


4? 7.21) 


in general, the ya@verage power flow; 'P,—is obtained from 
the real part of the integration of Poynting's vector, EX.HE, 
over the waveguide cross-section. But 
pedRe{ fe as}-tme {leat Gem 
since the: vectorgtriple product involving! the longitudinal 
components, E X H*- da, is zero. Here again, some errors are 


i 
introduced by the existence of other than TE modes. 


—-_ 
For an infinite waveguide, E, and Hy are in time phase 


and orthogonal to each other, Z may be used in the express-~ 


ion for power to eliminate either = O% A. Thus 


\ Zz 
be = re \ | Eel da (2-29) 
Since the mode filter of the sample mount will limit the 
propagation to the fundamental TES mode, One can write 


ee wee ay ee sin Tt (2.305 
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where a. is the unit vector in the y-direction and Bs is 
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the maximum value of E field. Hence, for the TE mode, 








PO 
equation (2.29) becomes 
EG b 7a 
= fm (| sinh 4% dx ay (2-31) 
Dee ° ° ce 


where 





If the thickness t is assumed to be small compared 
to the broad waveguide dimension a, the integral in 


equation (2.26) becomes 
— <= ls : at xX Ze mi Ses 
\ pe E da = th ae sin = Ee gf MEL Ss (Zea20 
‘9 
which when substituted into equation (2.26) and (2.27) yields 
ESN Tao”. ree eee 
p = ex + ip e 2,402 ) = sin? os ee 


Do 














as > pe 
ine ie (=) Bye os 2 xX, 3 
= (>. ne Pea ae 5) = xc Sin = Gls e) 
n= QF Te: xs) 2: in oe (2-34) 


Equations (2,33) and (2.34) are only approximate and 
subject to the assumptions made during the development of 
the perturbariopstiieory.; Lhe solution is based on =the 
assumptions that the energy in the waveguide is changed 
very little by the presence of the sample slab, that 
operation is in the fundamental mode, and that the sample 


is uniform in the z direction. The energy change referred 
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2 Jee ecenuatwoneVve. tf Luling tactor {w/a) in 9/5 wave-— 
gCuLde aeet=9l5 MHz “(20)r, 
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Z=aeCOMpreCsston Ob Hitield into slab or highs!) aines 
waveguide (22). 





2-4 Polarization around sample with w comparable to h 
(23). 





uo 
i 
a 
s 
>... 
ae 
— 
| - 
| 
(et. cl a 
(rs 
‘ 4. 


a 


ate PEL Oa... a “oO 
24° ceanNoteh sbi peavey cd. feinecem 


_ ‘p ke 





\w) tetost sriifai2 ~avetogtanietyA SoS came, 
; (OD) “athe -d1029 26 eftup 


- 










ani '3 dpid ic 


21 


to is one of redistribution due qo Ce 


Moreover, Voss and Tinga (20) have shown the tendency 
of the waveguide to saturate for values of w/a greater than 
OL ac. f3 increases, see Ligure. 2-2.) has phenomenon has 
also been investigated by Foulds and sampaio (21). Figure 2=3 
as obtained by Voss (22), shows how the field is compressed 
into regions of high s'!...For higher. €',.accurnacy of the 
perturbation method can be improved by decreasing the width 


of the sample slab. 


Another problem arises when the height of the sample h, 
TSeenot Substantially larger than the WLCidy Ww) ee featc he sample 
Figure 2-4 shows how the electric field lines outside the 
Sample are distorted when h is comparable to .w., Tinga and 
Voss (20) suggest that a round tube placed perpendicular to 
the dominant mode of the electric field can be used as a 
sample holder for dielectric measurements using perturbation 
theory. However, that application does not account for the 
Gepolization factor-due tothe geometry of the sample 


plus holder. 


A tapered sample would cut down reflection from the 
front and the back of the sample slab. But the tapers 
can cause depolarization of the fields and hence introduce 
errors in the measurement. Therefore, rather than using 


tapers, a multiple reflection theory is developed to 
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Ae 
accounteanonr netbection;£from-the front ,and the,back of 
the sample. Another disadvantage of a tapered sample is 
thetjihe sample lengeEh+has.to be ofthe order of .a.wave-— 
length or more which would make it more difficult to obtain 


tenperacturesuniformity, 


Because the materials being studied are available in 
powder form, a sample cell is needed. The width of the 
cell is made less than one-tenth of the width of the wave- 
HULGERGS Sdtisty One Of @the assumptions of perturbation 
theory. ‘The height of the cell is made as tall as the 
narrow waveguide dimension to avoid the polarization effect 
referred to in figure 2-4. Sample lenoth was chosen to give 
a measurable attenuation and phase shift and yet was kept 
short enough to minimize temperature variations. The side 
walls of the cell were ground very thin, about 0.02 inch, 
to. minimize dielectric loading on the sample. To withstand 
high temperature, the cell is made of quartz. Furthermore, 
quartz has a well defined dielectric properties over a wide 
temperature range (24). Figure 2-5 show the dimensions of 


the quartz cell. 





Hiojwe2=- J COnSTEUCTION) Of Quartz Sample cell. 
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Gide Theory of Reflection froma Multiple Interface 


Consider propagation of a guided electromagnetic wave 
incident ree ey On three layers of dielectrics as shown 
in figure 2-6, combining the procedures of Tinga et al(25) 
and Stratton (26). Expressions for the total wave amplitude 
with due regard for phase are designated by A through P, 
Going from one medium Say a, to another medium, say b, Gives 
rise to interface reflection and transmission for which the 


definitions are 


Cab aa ey Figs (2.36) 
where I" denotes the reflection COCLLLCien te . tai suhe 
transmission coefficient, Za and 4, are impedances of medium 
a and b respectively as shown in EiGUne 2). ethe sign of 
depends on whether the direction of the incident Signal 


is from a to beor from b’to a. 


Writing down the expression for quantities A through 
P in terms of the interface reflection coefficients and the 


propagation constants, one gets, relenhing “o figure: 2-6, 


| (2:3 Ja) 

fee ee tgiee lee lia, gL (2:37b) 

C= ({ + Mag) Aum Vag D (237) 
~j¥1, 

D= Fe (2:37d) 
= aja) 


E= C (3 (2:37e) 
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interface 3 Interface 4 
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Fig. 2-6 Multiple reflections of three layers of dielectric 
. ie . ~ . 
in a rectangular waveguide, top view. 
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ro TE + 0-7, KH (2.376) 
Ce Ut loop ee Toot (2-379) 
Ae, 5P. es (2.3Th) 
T= G 5 Vane CLAD 
sic ralss (Cah able (2.375) 
eoifidiadlen) gle 5 L (237k) 
Tey cae! (2371) 
Te free (Lat) 
sei, Lt he Te ae (237m) 
O= (1 + Dg. DN eee le’ P (2:37o) 
ID onde (2.375) 


mieGel! Gey tga: (eqr and ee aberrerilecti ons: Prom quartz 
sample interhace,. Quartz air interface, sample quartz 
interface, and air qUartz interface PeSspecuivelye sls aie 
TOCal ere lection at the termination, and yy and lj, I> and 
15, and f 3 and 1, are the complex propagation constant and 
theslayer thickness for layer 1,2, and 3 respectively, and 
ly, is the distance from the last quartz air interface to the 


load. For a well matched generator and load, 


KEG ee (2-3 6a) 

P=0 2, (2:38 b) 
Hence 

N= Iq, M (2.38) 

Ct 1 Pr yM (2:3 Bel) 


Designate Ry, Ro, Rg and Re to (Sesthe ratio N/M, J/i, B/E 
and B/A respectively. Also designate T/ 25, T, and Ty to 


be the ratio O/M, K/I, G/E and C/A respectively as shown in 
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Figures > wool ving, for Ry, we get 


R_=N/M= Fe (2 39) 
1 4 
Thus Ry is the normalized total return in medium 3 from 


Open Co weien. ediintions..(2.370),o Go 7K),eand-.12.37L) are 


solved for J/I, we get 








rie Pe! 
Ro= J/I = ry a 5% 1, “mi Ge 
ms ean 25%,1, oe i R, | aia ls eS 
Similarly, 

R3= F/E = ee ae 

 tpolkege dab ps ie (241) 
Ry= B/A = oa +R, ome) 

es lag Ne (2.42) 


Here Ry tshune total reflection of the system. a Toe de 


and it ,ecan be solvedsusing similar methods. 


Ty= O/M= | + Pos (2:43) 
T= K/I1 =) (eer "sq 
=e aes 
es 
lee sq R,e (2-44) 
Se G/E = —-| + 45 
Sha eh 
Bee Genii 5c ili (2:45) 
ES test 
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ViereIneicevtmanonaliigocs through interfaces 1, 2, 3 
and 4 as shown in figure 2-6, the transmission coefficients 
are Tj, To, T and T4 respectively. Similarly, aneident 
Signal thpouch dielectric layers 1, 2 and 3 undergoes a 
phase and an amplitude change of eI FL, eJhh ang eI4k 
respectively. Thusrtne total transmission TL, of the three 
layers of dielectric -is<given—by 


(Yl, + %1 


— Yen: 
LACgtakt tly ed pi ah (2.47) 


4 
ine apparent attenuation of the incident signal, given 
Dy wequculome(2 4) ieethe toval power dose in the dielectrics, 


plus che total ref lection, Ra, from the sample. 
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D.wrelLteration Technique used 








ea 


Interface | 
| | Interface 2 


Interface 3 


es 
Interface + 


Fig. 2-8 Top view of sample mount and sample cell. 


Consider figure 2-8 above showing the top view of the 
sample mount with a sample cell in it. The propagation 


constant ¥ of each of the three sections (sections 1,2 and 


3 as shown on figure 2-8) can be calculated using perturbation 


formulas (2.33), (2.34) and the complex dielectric constant 
for whe, panticulear.materiala.-For sections 1 and 3, the 
propagation constants ¥, and Bs were calculated using the 
width of each section, w 4 2wyy and the complex dielectric 
constant fom quartz one. THUS 
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where B, is the phase constant of an empty waveguide in radians 
per meter given Sh 
2 
Be eee Zs jie (f</s) 
¢ (2:50) 
where f= 2 Or Saieearl. Or, Hz, is the cut-off frequency for an 
S-band waveguide and C= 2.997925 x 108 m/sec, is the speed 
Cr ollonco teat. was ince the gGuartzZ in sections 1 and 3 are 
centrally located in the sample mount, sin? x hy oelave ¥, 
and ¥; are reduced to, 


¥, = 3, = ak 2m (eqs) 2 des hie | fa GZisiy 





For section 2, the propagation constant ¥, is the sum° 
of the propagation constants of the sample slab, %5 and 
those of the two quartz side walls 2 Vere Since the pertur- 


bation relations are linear in. 


pince (ierdielectric loss of quartz is very small 
(86 = .0002268) and the quartz cell side walls are very 
thin (wy = .02") compared to the sample thickness (w = .157"), 


tne lossPdue to thent ares ponored. Y Thus, 


¥, = Pw. * 27 CQ) ee 2) ye gi idl pees = (2.52) 
' 
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+h 3 483) 2 aX 
. Se 
4, =2Pw,+2T CE, 0 (3 2) Ste sie eee ee iS AF) sie ® 
=2By,+ 479 (BP) 72 9e Si ne TE Ge. ee eat bad Gas) 
Dao A fw 2A) 29 Laces 1-5 853 (2:54) 


Since the sample slab is centrally located. In equations 
(Yesljgen(2.52)wand (2.54) abave, AiSt; AS» and 453 are the 


cross-sectional areas for quartz slabs in sections 1 and 33 


ec < 







gneaib)et ni ebiienvew Yq AB To ineteaco sae 


_ SR ee ieee 2wE « a 


¢ . : Fes 7 T7 Oe rhs edd et Pe as | Snr x £\ 6.3-= eine 
besya odd st josa\ip “Ole SSOR8899 =5 bre oh.epomey Ree 





~~) 


ne | sqtotioea Ai seu BP Sones .2ae ne sighs to 
o> 4 2AM “ni2 ,JAuom S'fdmea: adit oi .baiesol vi Lennie , 
| .ot beoubsa ots Gh Bi | ; 

= Ls ( : “eo ) } (Or ) iy Ts i = #4 * gbet . 


.ienco aeitéscagogq.oiy .S negiltose 268 













[2 $fiqngd odd Ao 2thetereo Roltapedesa Sar Be 
i sand 5 ». > 2¢ few wbtes stipypp ca oety-te azctt 


. (ok tse stm 2ootte tse celted 


fone VIsv ieup Ad eae! Sewastais oi soatee = 

isyv o16 cilew sbia Iise Sigeip sae bre sassooe: =a 

(et. =u) saenoin? sfomss eng eg osasqiten (880, be pw) minty ; : 
int) .teteipl Gs mens) .ad ep 2208 ‘sad 


PO or MNES te Sap — Cs ee + toa 7 a | 
Pee \iin <1( + “ee “Ee . . 
3 2a 


b4, 





a ’ 
° err ‘ 
ig — eo a % yn X 


“Ae VY Ane . 
Lage oe 3 ; « 7 rw . 
—_ / ileal 


+ 








30 


Gteers cel eioo warts ii section 2, and sample slab in 


section 2 respectively. 


Using the calculated propagation constants hb 
and oy, Ele impedances Ton cach Section,” 2] = 23° ang 22 tor 


guided TE waves were then obtained using the relation 


a al 


TE x. (2:55) 


v 


given in Ramo, Whinnery and Van Duzer(23). The reflection 
and transmission coefficients fe and for cach a nreriace 
Wei ODtaimec= using formulas (2.35 rend {2.36)2" Following 
Lic wmuLeuple rer leetion theory developed ih section Cc of 
this chapter, the total transmission coefficient, i  seewcough 
the three sections of the sample mount (see figure 2-6) 


can then be calculated for different sample materials in 


tire Gu@artcz ‘cell. 


The first step in the iteration method (see appendix B) 
is to input all constants necessary for the calculation 


Pegging coOecne total transmission, L These constants 


ce 


include dimensions of the quartz cell li. i 1,, W, Wy and 


2! 
Hele tens tie tae cross-sectional dimensions of an 

S-band Wan oot a and b, sample height h, measured change 
of phase and attenuation, A¢ and A&, in radians/m and nepers/m 


respectively due to the introduction of the sample, the 
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constant of fused quartz, Bo. 


Then an estimation of the complex dielectric constant, 
&., for the sample material tested is assumed. For cupric 
oxide, the value used for the first approximation was taken 
frome les Posi its of the experiments at room temperature 


by Tinga and Ford(4). 


Using all these constants, the total transmission Tae 
is first calculated using air as the sample material with 
Com Sele tO.. Then the total transmission for a particular 
sample Tg is calculated using the estimated complex 
dielectric constant for the sample Poe Ont Se ands T4 9. 
are complex giving amplitude and phase information. The 
normalized total power transmission for these two cases 
abe, oivens by, 

Bae Dea x Tat (2.56) 

Seire Gates sp aic™ (2:5T) 
Where Te. ward paie gone, -he. complex conjugates of sips skate! 
rade respectively. The attenuation ed ticle NeCers anc 
phase shift ?oayl in radians caused by the introduction of 
the sample are then calculated using the equations below. 

Aeail =10 logig( Pr./Pair) Fae, 

Poal=/1s - [Tar C2359) 
where [75 and leer, are arguments of the complex guantities 


Ts and Tui, respectively. Aca and Poa are then compared 
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with the measured phase shift, ad, and attenuation, A, due 
Lovie Introcuction of sample in. the quartz cell. ie oa) 
is smaller then Ad, the estimated real part of complex 
dielectric constant, an, is increased, or the estimated 
value €, is decreased if oe as larger then Ab and 

another iteration is made. The iteration process continues 
igkerks: doap and 4$ are within elt phase change which is the 


accuracy of the phase shifter used. 


Similarly, 4 gayi and AX are compared and the imaginary 
Part Om te conplex dielectmic constant, ee is changed 
until the difference in Ceo nde AOS within the accuracy 
Oletie arlSnuseton Used swiich gomOmOfeds. On every iteration, 
$.ait and ap are compared again to see if the difference is 
Sroalilll sa hele, Gee 


Tew idl Velie "Or 228 


- j@§ is then the complex 
dielectric constant of the sample at one particular temp- 
erature. Figure 2-9 shows’ the flow diagram for the iteration 


method used. 
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cal] calculated phase change due to introduction of sample. 
cal= Calculated Sttenuarion due to introduction of sample. 
4? = measured phase change due to the introduction of sample. 
AYN] MGasured actenlation Changs due {6 antrocduction of sample. 
Ce= CStinated complex dielectric constant of sample. 
€a= real part of €.. 
€e= Imaginary, part of €.. 








Fig. 2-9 Flow diagram of iteration method used. 
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E. Higher mode Interference 


In the paper by Hord and Rosenbaum(17) , an algebraic 
procecure 1s described which.yieldssapproximate valwes for 
Ehe "cut-off" frequencies ,andepropegataon constants of 
dielectric loaded| waveguide, the first order approximation 
for the normalizec@ propagation” constant 6. in radians results 
in more than -—-20% error compared to the exact solution for 
the normalized dielectric of thickness w/a= 0.1 and E = 10 


(eeeeproicesc2-10,62-L) and 2-12). 


PebetcemeapproOxigeation 26 +obvain by including coupling 
to the next higher order mode with the closest cut-off 
frequency, which is. the TE99 modes. Figures 2-11 and 2-12 
SHOW thet Srmers@ior the propagation constant, Pay are 
HOW erequceg ete, .ess than —l0%. It should be noted that 
Palanleter Vdwaeseor 2S 16 and w/a= .2 for figures 2-11 and 
2-12 respectively were chosen to given a worst possible 


case for the perturbation method used®©. 


fi 


bE . "S 








a > 1é 1701 

7 a - rae 

oisitiepte es , (Ti )mepdaseét-Bre Biel qd vegeg it 
104 esuisey otanixexqge €bi6lw aomie bedtacash 
to stnesen0 norsependesg ae Ba ionewbes3 


nolismixoydys wsbic Jetiag oft sb ivog ves babel | 


iw 





re 















es ives 


ra 


iwtbes ot 4} TUB %enan not tsestiosa te 

ol dat webos ipaxe os og ho tsqntoD tou1s XOS- nsttd excl at = 

Ol “8 bris £20 =6\w 2esnnaids: to baeeharent cosh Tene ea ety 

(Se. bas (i=— ,OL-§ some? ape) ma 
: 7 


puifyeco sataulont yd atbidol ex dolsentsorens sorted A. : : 

tte-su0 teseolo sre diiw SBamneabha6 LSC Peet sft of 

Sik bop Dba aaypts _ aetgtin gah: ot? et doetw gyogeepead . . 
ate ie nsieqod nellepaeqciasade il -ettye toth woe: ra 

lecit Gadon 2c Pirata 22 .. &Oi-! ace aesl oo Reaveriers won 7 a 

bas £1-$ senvoit ac? S$. ssiw foe 2! Fy 3 40: aavlsy 1a temneg 

ahiiaeca taxcw s qavig of nsaoio SxSW views sséqae Hi 

been Bodiam nerzsdtesieq srg lies 








Figs 


iykog 


2-11 


She 





2-10 Symmetrically loaded waveguide. 
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Relative Dielectric Constant oe 


Comparison of approximate propagation constant 
with exact solution as a function of relative 
dielectric constant. (17); 
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Normalized) Dielectric Thickness w/a 


Comparison of approximate propagation constants 
with exact solution as a function of dielectric 
thickness (17). 





cw SapoaxoldT siatesiotd 5339 tiem 


sJassancs octispaqcig, etomixe qe 20 nessz 
viisoeleib ic acticavyy 6 AB AGttiiog Joa 
. ~ Ca 





37 


For the case under investigation, TE29 and TEo1 modes 
couple most strongly to the fundamental mode and by 
accounting for them, results Close to the exact solution 
will be obtained, By suppressing the two higher modes, 
accuracy of the measurement for the Propagation constant 
will improve consideragiy.. “Higure 2-13 gives the wall 
CULDentS =foT rectangular waveguide for the TE} 9. TE99 and 
TE91 modes. By cutting two slots along the center of both 
broad waveguide walls as shown will not impede the propagation 
of the fundamental mode. But it will completely cut off 
the propagation of the TE9; mode and partially impede the 
propagation of the TE99 mode thus improving the measurement 
accuracy. Contribution from evanescent modes is already 


accounted for in the two modes approximation. 
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Mode filter construction and wall current for 
TE1Q0, TE29, TEp;, modes. 
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List of Footnotes 


afo= Sep 77e8 j0.0002268 (3). 
bwR-284 waveguide was used in this work. 


CFor our measurement, w/a<z0O.1 and Ey <1o. 
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CHAPTER 3 


EXPERIMENTAL METHODS 


Ase I nesoduction 

Having developed an analytical model for finding the 
complex dielectric constant of thin samples in a waveguide, 
experimental data on the propagation constant is obtained by 
using a microwave bridge. The validity of the iteration 
mMetnodsused is tested Using samples with known complex di- 
electric constants Sncwcomparing results obtained iby the use of 
two different sample cells for the same dielectric material. 
Deteils of the brigee Construction, she heating method, the 
measurement, procedure, and the calibration procedure are out-— 


lined in the following sections. 


B. Experimental set—up 

WeePrecisron bridge simcudt 

A block diagram of the experimental apparatus is given 
in figure 3-1. Low power (~10mw) microwaves at 245 GHz are 
generated by the signaligenerator. the signal is passed 
through an isolator, a coaxial to waveguide adapter and tuner @) 
before it 1s split into the two arms of the microwave 
bridge via a 10 db directional coupler), In the reference 
arm, the signal passes through a waveguide tuner (5) 

b 


a waveguide to coaxial adapter, -a”precision phase shifter’, 


another waveguide tuner @) ana @ precision attenuator’. In 
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the sample mount arm, the signal passes through a padding 
attenuator (Microlab S155A 0-20 db) and through the sample 
mount. Signals in the two arms are recombined through a 
Second~lOedb directional coupler (8) (HP-S752C). The combined 
Signal passes through tuner (Q) a waveguide to coaxial 
adapter 7 ond arcoaxtal sso lator @1) perorve it te ce— 
tected by a crystal mixer and the output fed to a sensitive 


(-80 dbm) super—heterodyne microwave receiver, 


Both the precision attenuator and the precision phase- 
shifter are adjusted to obtain a deep null on the detector 
indicating a balanced condition. Care was taken to ensure 
Piatt Doth warms Of thesbetdgeswere properly matched. Wsing 
a Swept frequency reflectometer the whole system was matched 
for a return loss of twenty-two decibels +2 decibels (VSWRA 
1.174). The sample mount arm is also matched looking 
towards the signal generator by adjusting tuner (3) so jelgishe 
reflections from the sample and quartz cell will not be 
reflected back again. The whole structure of waveguide 
and other components in front of the sample mount is 
PUL) Oherollersmso that eehie=-sample mount can expand 
smoothly when heated. The expansion of the sample mount arm 
Ofmthespridge at G00°G is about three miilameter. | 1f rollers 
are not used, thermal expansion will cause the waveguide to 
push against the table on which it rests and cause erratic 


phase changes. 


okie 6 Myprould 2egebg isapte 4aF wise 4 
stortee off dewowle Ons. (abo OSes s@OLS ds lowsin) 


5 tavoatt bentdeses Sve ante: ae ene mt 







idmos ef? , (Gcevelaiy fis) 1S LQwey fotoisoextb aS 
[simedo ot sbineavaw a (P) xotnsed ipvend? 2 

st axyoted (72) to7vs pone Lakusion 5 OAS .@ “ae tqebs 

LI fehee: £ 6 a3 fecsare StF One yeat tatayyd & ea neon 
laavie aX ‘ovaewoxDEm snyocisted- risque (add 0e-) 


iq noreboe ty ats bin sostsune sim Sa dialeaatats of? doa 
etheteb edit ad Lipn deeb a wiesde. ee botan Lbs 216 rosin 
atu . 5? nodsv epw @ikD tb I ae ‘Posneted 6 ontisorbnk . 
Eau A Stiatsna ¥ ti rorieg ya ea 3p pid id att 20 emis died dent 
fem S260 Westies of ow ortZ ee Yann per? sqawe 5, 


SHAW2V) eledisen St: sled rssh: ays ernie “20 geal nae BS 203° 


, onistcel betoalen Gale 6. Ame soe SLgmse . of? (OES 
fete, cele) isos patterths yd tossaanep. feagte ese brewed a 


% Yom [liw Ife. sduewp be sbignmase odd GO"? ‘sand taeilee 
shispevsw ic s1niopite slonw em st1L898 taeda. detaeftex | a 
et tawom elgige sift 16. dined i asnenggmos sadto Bas 7 
* pasgke ons9 sendin, oileiness ve: ‘aa Gp Asehtee: ‘ae ~~ 


2 
1S canal a Lapin eaid, Ids oe 
nice oo ae alnonee: ithe 


pee isle 


7 ‘ 7 





43 


Stainless Steel 
Waveguide 











Thin 
Strip Mica 
neaters Sheet 


“Strip Heater 


hin 
\ seus WUariz Cell Mica 
WwW Sa eae x 
SSS Sheet 
ae eels J k-Sample 





Ly 
kK SDGNe SG 
; “Brass Tube 


t— k 


h 
Stainless Stee. 
Waveguide 









b.. top-view 
SOvancy, = 
‘ Se Sample 
‘ fx. Cover Plate 
ws i <1 ee 
: eee FR qusil Tube 


SESS Sos SEEGERS x 


Asbesto Lined Box tet 


Recorder 






zonolite Insulation ; 
CA0 CLYOSS=SeCction View 


Fig. 3-2 Sample mount construction detail. 
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Z2.,camplesmount cesion 


The design of the sample mount deserves special 
consideration. | Figure 3-2 shows construction of the sample 
mount. Since the maximum temperature which each strip 
Neater (Chromolox PI—o03, 300 watts) Can reach in open sir is 
around TOO Cs an insulating box is built around the sample 
mount to insulate against heat loss. The box is made oe 
plywood lined with asbestos sheet. Zonolite is used to fill 


the space between the box and the stainless steel guide. 


sing etie insulating, box, temperature of the waveguide 
mount can reach 1000°C. Further convective heat loss 
within the waveguide is prevented by covering each end of 
the stainless steel guide by a thin mica sheet. The two 
mica sheets cause only very small microwave reflections 
(VSWR = 1.005) yet they prevent convective heat loss from 


the sample cell to the rest of the waveguide system. 


The waveguide mount itself is made of stainless steel 
to withstand high temperature, AS SHoOwnean iouLress=.. 
a removable cover plate is placed on the top of the wave- 
guide mount so that the sample cell and sample can be 
placed in the sample mount more easily. Two holes (0.127" 
diameter) were drilled on the two narrow walls of the guide, 
One for temperature monitoring of the sample by the infrared 
Getector did the Other to allow a thermocouple to pass through 
for temperature monitoring purposes which will be explained in 
more detail in the following section. Reflections due to these 


small holes are negligible (VSWR < 1.004). 
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3. Temperature control and detection 


High temperature dielectric measurements are 
problematic with Bespect to cohtrolling and maintaining 
sample temperature at a desired high temperature level 
Telachveve controllable heating of samples, five high- 
heat-—density electrical strip heaters are used as shown 
in figure 3-2c. The five heaters are parallel connected. 
Voltage supply to the heaters as: controlled by a 10 amp 
variac (General Radio W10MT3). Temperature of the sample 
mount can be varied from room temperature up to 1000°C by 
varying the supply voltage. Heater voltage is varied in 
five-volt steps. Each voltage level is maintained for 
at least 20 minutes to allow the sample temperature to 


reach a steady state value. 


Infrared temperature detection is used by focusing an 
infrared camera on the sample through the hole in the narrow 
waveguide wall. The infrascope used (Huggins lab. 31L00-02) 
jeufactory calibrated fupeto.300 C.ul TO increase) the*temp= 
erature detection range up to about 1000°C, a metal lens 
with a very small hole (.127" diameter) was made to cut down 
the infrared radiation reaching the detector at high 
temperature®. Thesmetal ITens can be fitted inside the Tens 
barrel of the infrared camera as shown in figure 3-4. Output 
of the indicator unit was recorded on an X-Y recorder. The 


procedure tor vealibraving the x-Y recorder output. directly 


in “terms of temperature will be outlined in the next section. 
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Fig. 3-4 Metal lens and lens barrel of infrared camera detail 
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Ge ~Cakibration 


lL wGcadkonet ion ot sample temperature 


Output of the X-Y recorder was calibrated in degrees 
Celsius, via the use of a chromel-alumel thermocouple. This 
also eliminates error due to the varying emissivity of the sample 
and obviates the need to know an absolute value of the emissi- 
vity. The temperature calibration set-up is shown in figure 
3-3. A thermocouple is inserted into the sample under calibra-— 
tion through holes in the narrow waveguide wall and the quartz 
cell. The infrared camera is focused on the sample on the 
opposite side of the thermocouple. The reading on the X-yY 
recorder will then correspond to the temperature indicated 
on a thermocouple potentiometer. By increasing the heater 
voltage five volts every 20 minutes, temperature can be 
recorded in 10°C steps to 900°C using the marker on the 
recorder via a foot switch connected to the X-Y recorder. 

The peemperature is 4finst, mralibrated, up .to 3004C withthe 
fieGel, lenswoit ssethen the »metal. lens, jis“put on fonscalibna— 
tion of higher temperatures. The recording made is then the 
calibrated temperature, scale for that particular material. 
Before measurement of another, sample material type is made, 
temperature has to be recalibrated since different materials 


have different emissivities. 


2. Phase-shifter calibration 
Accuracy of the phase shifter, designed by Tinga(27), is 


determined by inserting two precision waveguide sections, one 
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gtec Lime, and then both of them.sin series, in the sample Se 
arm of the bridge. The length of each precision waveguide, 
when converted to phase angle for the frequency 2.45 GHz, can 
then be Layne’ to the change of phase recorded on the phase 
shitter. sine calibration shows. that, for, the.two precision 
guides¥ at 6.00 inches and 5.50 inches long and the combined 
length of 11.50, inches, -equivalent to 237.62 degree, 217.818 
degree and 95,4385 degree respectively, , the measured, .phase 
shift.recorded on the phase shifter was 238.2 degree, 218.3 
degree and 96.01 degree respectively, thus indicating errors 


O£,0.025%, 0.22%,and,0.572% respectively. 


Ja Calibracion of the microwave bridge using samples with 
Koown complex dielectric comstants and comparing re- 
SULeSFOrecal CUlatiOons» Or wo, sample cells on. the same 
sample. 

Before the measurements of different metal oxides and 
SUlrildes ws eo runcilon OL Lemperature are made, a calibration 
using samples with known complex dielectric constants must be 
made in order to quantify the microwave bridge accuracy for 
such measurements as well as the accuracy of the analytical 
model used for the calculations. Liquid and powder samples 
with permittivities ranging from one to around ten and loss 
factor ranging from .2 to 1.5 were chosen since the permitti- 
Vity ang loss factor Of materials under test were thougit to 
lie in that range. Solid samples were machined to about the 


Size OL tne Giartz cell tor calibration. Thus the complex dielec-— 
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tric constants for different kinds of materials were calcu- 


Veceq and comparea With the values given in the literature. 


Since frequencies used by von Hippel and other authors 
were not 2.45 GHz, their results were interpolated to 2.45 
GHz but even so, they can only be used as guides. The in- 
accuracy (that is, the deviation from the true value) is 
extremely difficult to estimate since the range of Variation 
of literature values of several substances is surprisingly wide. 
Measured values of some so-called "standard" substances and 


literature data for them are given in Chapter four Table 4-1. 


he erftects of cell's size differences on the measure— 
ment results were checked using cupric oxide sample. The 
dimensions for the two cells used were 0.148 inches by 0.826 
Miehesw oy else iacnes, cnds0,096 inches by 0.698 inches by 
1.318 inches respectively. The measurement results thus 
Opeained foo thescompound indicete difierences of ohe percent 
for the dielectric Constant €', and two percent for the 
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D. Measurement procedure 


Before the actual measurement is made, care must be taken 
to minimize and control the moisture content in the sample 
sincesthe value of'the complex dielectric constant is very 
MUCH dependenc on motsture content. Furthermore, it is 
important to note that in order to get a minimum moisture 
contenreinvarcamnple ta Siai nly Mlong®condi tioning "period is 
necessary, Since diffusion of moisture between the sample's 
interior and a controlled atmosphere is a slow process. To 
accomplish this, samples are oven-dried for 24 hours at 105°C 
in a Delta Design MK 6300 temperature chamber, then placed 


in a dessicator to preserve their oven-dry condition. 


Sample weight, and sample height in the sample cell are 
recorded for the purpose of subsequent density calculations. 
With the sample in the sample mount, the bridge is nulled 
after every 30°C sample temperature increase. The actual 
Sanple Uempema tire vat tthe mul Prconducion of the bridge is 
recorded by the marker on the X-Y recorder. The attenuator 


and phase shifter readings are recorded. 


AYsecona set of measurements at the same temperatures 
recorded before is made with an empty cell using the same 
procedure mentioned’above. These two sets of ddta ‘are’ then 
compared and the change of attenuation, Ac&, and phase, Ag, 
at different temperatures calculated. These data are then 


fed to the digital computer which is programmed to solve for 
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the complex dielectric constant at each temperature using the 


analytical equations developed in Chapter two. 


Bite Measurement errors 


PoeMismatch errors 

The microwave bridge is matched to have a maximum return 
loss fopee2 decibel swat any 4 unctiomtinrthe bnidge,/\see 
figure 3-1. The power reflection for return loss of 22 decibels 
is only 0.627% and maximum attenuation due to any single 
mismatch is 0.028 db. Thus the error due to mismatch of the 
microwave bridge is neglected. Throughout the temperature 
Manges 234 *to 900°C)", YWerlecteaon due to the sample cell is 
large (up to 70% in power reflection) but it is almost 
completely accounted for by the multiple reflection theory 


used. 


2, Errors due to thermal ‘expansion 

Since the expansion coefficient for fused guartz 
(5555 TOs! cm/em°C) is very low, corrections for all lateral 
and longitudinal dimensions of the quartz cell were unnecessary. 
The phase shift and attenuation caused by the thermal expansion 
of the sample mount arm® can be accounted for by doing a 
series of measurement with respect to temperature with an 
empty quartz cell, ) -Therresultant phase shift is then 


subtracted from the phase shift measured with a fpLCed 
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quartz cell to get the true phase shift due to the sample 
itself. The result of phase shift versus temperature of an 
empty cell in the waveguide up to 900°C are shown Ln fag 
ure 3-5. The change of attenuation for the same temperature 


range is found to be negligible (.01 db). 


3. Multimode propagation errors 


Errors due to multimode propagation are very hard to 
determine and can only be estimated. it was shown in 
Chapter two that for the center loaded waveguide, a one mode 
epproximation will yield an error of approximately -10% in 
the phase He) ie) CUS Fa compared to the exact solution. A 
two mode approximation will bring the error in Vis down to 
-5%, see figure 3-6, but that analysis was done (17) assuming 
loss-—-less material. A more accurate analysis achende ing fOr 
loss in a material was done by Sheikh and Gunn(28). Using 
the Rayleigh-Ritz technique, they plotted the errors of 
attenuation and phase constant using the single and two mode 
approximation and compared them to the exact solution for 
different values of w/a, and G7 sce figure 3-6im Note 
Gist the eduiuvalent ¢! foro of 10 mno/m 1s 73.68. Inour 
case, the highest total €" value was less ten. Moreover, 
the mode filter built, and the frequency of 2.45 GHz used on 
WR-284 waveguide prevented the propagation of higher order 
modes.» Consequently, the only contribution to. multimode 
errors were evanescent modes. Henceforth the worse case 


multimode errors were much less than those indicated in 
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Phase change as a function of temperature due to 
expansion of sample mount. 
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Fig. 3-6 Percentage difference between the values of the pro- 
pagation constant Y=d+jR as a function of w/a and ae 
ate o4. 2 GHZ for C-10 mho/m or ¢"= 73,37(26). = 
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Aw Temperature Variatllon.enrors 

Variation of detected sample temperature is due mainly 
Togo0—-Ocus poor e iow roared camerasas ~the.sample smount 
expands with increasing temperature. Another source of temp- 
erature variation error is due to the change of heater out-— 
Due eb Ve ani nome nese per iment three times on cupric. oxide 
ner ee: 900°C, variation of the detected temperature was found 
to be +20°C at 800°C sample temperature. Maximum thermo- 
couple error is PPS UivSR coro eumeecrbainty error at 800°C 


figs cee tee 


5 Violation OL pereurbalion Mheory assumptions 

Since the w/a value for the cell and waveguide is less 
Tia OS peeUCOGNCalcea by the distortion or sense 1Ri9, mode 
Pieldsdistelbucion can be neglected for €,- values up to ten. 
The only violation of perturbation theory assumptions should 
come from the existence of multiple modes which have already 


been discussed in the previous section. 


6. Other experimental errors 


Other experimental errors are due to the uncertainties 
of length measurement of cell dimensions of the sample mount 
and cuertz cells ‘the Uncentainties in the phase shitter and 
attenuator readings, the frequency error and error in temp- 


erature calitreation. Insertion loss of components in the 
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Sample mount arm and the reference arm of the bridge (phase 
shifter, attenuator, sample mount and padding attenuator) 
is accounted for when the bridge is first nulled. These 
uncertainties were fed into the analytical model to obtain 
the resulting total uncertainty in the complex dielectric 


constant (refer to Appendix A). 
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F. Heating time measurement using microwave energy 


Experimental set-up and measurement procedure 

TO VCneekeonethe temperature “cut—off" effect on metal 
oxides reported by Ford and Pei, temperature versus heating 
time experiments on cupric oxide, calcium oxide, lead oxide 
an 42inc Oxide @were Carried out. Figure 3-7 gives the block 
diagram of the experimental apparatus. High power microwaves 
at 2.45 GHz are generated by a one kilowatt magnetron. The 
power passes through a 60 db directional couplerk and a 


circulatort 


before it reaches the sample mount. After the 
Sample mount, the power passes through a triple screw tuner 
and is dissipated in a matched water load. The triple screw 
tuner and the water load are tuned to 22 db return loss 
(VSWR<1.172) at 2.45 GHz. Reflected power from the sample 
MOU passe amEnLOUCIM Lie Same circularsor, through a 20 db 
crossed) Guide, directional coupler", a triple screw tuners and 
is dissipated in a second matched water load. The second 


triple screw tuner and the matched water load are tuned to 


ZeuCdoereturhn | loss (VSWR=1.152) at 2450 Miz. 


Transmitted power to and reflected power from the 
Sanple Noun sis monitored! through theyoO daydirectional 
COUDLeD andmthes20 db crossed culgescouplem pime a 40 ab 

n 


attenuator respectively by two power meters”. Power output 


Of TGhe Magnetron ws controlled by a variac. 
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The sample mount is simply a waveguide section with a 
cover on the top broad waveguide wall. The sample is contained 
in a quartz Pee (3/16 inches Seino Wethee O,te) anches 
diameter hole drilled halfway up the tube wall. To monitor 
the, sample tempenature,,a thermocouple° is placed through a 
hole in the narrow waveguide wall and through the hole in the 


sample tube into the sample. 


Sample weight and height in the sample cell are recorded 
for density calculations. With the sample in the sample 
mount and the thermocouple placed in the sample, power output 
of the magnetron is set to about 100 watt. Time is recorded 
on a strip chart recorderP for 50°C sample temperature 
steps up to the maximum temperature while the input power 
is Kept sconscant. he sane procedure, 1s, carried out for 
Slightly higher and lower input power levels to check on 
the so-called "cut-off" temperature effect reported by 


Ford and Pei. 
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List of Footnotes 


SHP-S752C. At 2.45 GHz, coupling= 10.2 db, directivity 
=ooe2 Oo, VewR= 1.03. 


bvaximum Ceru@enieo degree, insertion Joss .025 db, total 
Peng rio eave — 76,02 Cm, toceal calibrated range= 0 — 360° 
at 2.45 GHZi26):. 


CHP-S382B, 0 — 60 db attenuator, residual attenuation<1 db. 
At 2.45 GHz, measured VSWR= 1.21. Uncertainty of attenuation 
= +-04 db for .5 db attenuation difference, (Calibrated 
using accurate power meters). 


Gpolarad Model RW-T (2,06 LOm1 5.Guz) stuner, Model R. (.4° to 
84 GHz) Microwave receiver. 


(S ; 
Maximum temperature the sample mount and the insulating 
Poe ble Pp eeeroundeitecan srand, is 1000-C. 


is 3 

A Higgins temperature range extender was no longer available 
from the manufacturer and hence the above method of temp- 
erature range extension was devised. 


SCommercial precision waveguide sections dimension: (3 Ay) 
FlOOS Mrenes OULSICe, dimension, (2,84x1.340) +.003 inches 
iistce dimension: 


Oohermal | COertricment for stainless steel 304 is 
2.02 x 10--cm/cm°C. Maximum expansion for the sample mount 
ari eeracou. SO mat 900 °C. 

Maximum phase shift due to the thermal expansion of the 
sample mount arm is 20° at 900°C. Attenuation remained 
Gone earl. 


J Prequency used was 34.5 GHz and = 10 mho/m. 


Kshop-built Colle. 59.5. 00, Gb anean covpling, -cirec viv icy 
20 CeO Uo. 


lvarian Associa ce: Mode —- Gang Le2. 


Mpemornay Bonardi Model DBL-632, mean coupling 24.3 db, 
directivicy 20 “dba 2450 Hz: 
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"Hewlett Packard Model 431C power meters. 


°Chromel -— Alumel thermocouple and Leeds & Northrop Model 
So75 POtent tometer. Temperature detection range 0 -— 1200 Cc. 


PHewlett Packard Model 7100B 2-channel Strip Recorder. 
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CHAPTER 4 


EXPERIMENTAL RESULTS AND ANALYSIS 


Ae. ntroduction 

Results of calibration of the microwave bridge at room 
temperature are given in table 4-1. These results are com- 
Paleo Lemrucs wecmrrOmetniel literature. | Then, Tollowing 
PoeeDLOCedU rerouted siiecNeeprevious Chapter, the atten— 
VaetomeanG Pploc cust teOmmoupt tCmOontae, cupric Sulfide, lead 
oxide, zinc oxide and calcium oxide samples (see appendix C) 
as a function of temperature were measured on the microwave 
bridge and the data processed on a digital computer. Various 
plots OL themsmportant verialvles are presentedsas a function 


of temperature and density. 


The physical meaning of the relaxation and conduction 
process is discussed to explain the temperature "cut-off" 
phenomenon of metal oxides. Plots of temperature versus 
time of different oxides and sulfide heated by microwave 
energy are then presented and compared with the results 


by Ford and Pei(2Z). 
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B. Experimental Results 

Table 4-1 is the result of experiments used to test the 
accuracy of the microwave bridge using materials with known 
Complex dielectric constant. fAs skown din table 4-1, the 
dvelectric constant,| €', has a maximum error of -12% for 
both quartz and eccofoam. These errors in dielectric 
constant are due mainly to evanescent modes as discussed 
ia Chapves three, section~te3.! The,errors in the loss factor, 
co, ere extremely large @or the Teflon and Quartz isamples. 
these errorssare, due mainly to the: uncertainty of /the 
attenuator used as change in attenuation, AA becomes very 
small. Since minimum uncertainty of the attenuator used is 
~04 db 2ti2.45 GHz, fa chagge in attenuation, “AA of less 
that Cecosat sO dbewill inerocuce error of 925%.) The 
method used to calculate uncertainty error is shown in 
AppendixB. Uncertainty sin both real and imaginary parts 
OL Cie tomplex drelectriceconstant of cupric oxide measured 
by Tinga (4)are not known, but numerical agreement is obtained 


between the two values of €'. 


In figure 4-1 through 4-7, the variation of the complex 
dielecgric constants of CGUpric oxide, cupric*sulfade, calcium 
oxide, zinc oxide and lead oxide with temperature are given. 


All measurements were taken at the ISM frequency of 2.45 GHz. 


For cupric oxide, figure 4-1 shows that at this parti- 
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65 
cular frequency, over the given temperature range, both the 
real and the imaginary parts of the complex dielectric 
Sone tattweo te Ccupric ox1de increase slowly with temperature 
up to B00 G. Beyond 600°C, p) Vand @” ancrease at a rapid 


rate. 


For cupric sulfide (see figure 4-2), both the real and 
Piece Matanany sparta Ob eties CoOmplexedtelectric constant Wave 
agenear COnsStant Value Up to, around 300 -C- Beyond 300°C" 
they both exhibit a sudden jump tosaa very high value after 
which readings on both the phase shifter and attenuator become 
erratic as temperature continues to go up during the experiment. 
After the heating sequence, it was observed that the Sample had 
Changed State. Sample material at the two ends of the Quartz 
Gellahadvehanged to cupric omide while that win the middie 
of the cell remained as cupric sulfide. When the heating 
time was prolonged in a second measurement on cupric 
sulfide, more of the sample was changed to cupric oxide. 
It was also observed that sample material which changed into 
cupric oxide appeared as small chunks rather than in 


uniform powder form. 


Calcium oxide seems to be quite stable from room temp- 
erature up to B20°Cr (See Licourer4—3). mine real@ part Onwtne 
complex dielectric Constant increases from 1.57 to 2.28 and 
the imaginary part stays almost constant at a low value of 


CO, 02a tno UugnHoUce Lie LeMpeLa lure range. 
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Fig. 4-1 Real and imaginary parts of complex dielectric constant 
of CuO as a function of temperature at 2.45 GHz and 


density gon 2.50 /9Conscc. 
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Fig. 4-2 Real and imaginary parts of complex dielectric con- 
Stant. of eCuS*asearfunction wf temperature at 2.45 GHz 
and density of 1.549 gm/cc. 
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cComstant Gf CaO as a function of temperature at 
2-45 GHz and dénsity of 0.275 om/cc. 
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Figure 4-4 shows a general increase of dielectric 
constant, €', of zinc oxide as temperature goes up. The 
plot of &' versus temperature exhibits a "hump" at around 
280°Gx The ERUMD Salso appears ih the loss factor, =", 
VeErsusacemperature plot at 280°C after which the value of 
&" dropped down to near the room temperature value at 
around 500°C before it starts to go up again. Note that 
the &" plot is symmetrical on both sides of the hump between 
room cvemperature and 500 G2) Due sto the temperature 
limitation on sample mount and equipment, the experiment 
was carried to 800°C rather than the "cut-off" temperature 


of 1100°C reported by Ford and Pei(2). 


Figure 4-5 shows a second interpretation of the same 
experiment ‘on 2zine oxide. A straight Irne indicating a 
linear increase of &' between 150°C and 450°C is drawn. 
wass is because the "hump" of €"so0on figure 4-5 is thought 
to be due to experimental and/or calculation error. The 
Second interpretation of data on zincloxide agrees more closely 
with the explanation on the behavior of metal oxide as a func- 
LiOn VOL CemperalLure, Given An «Section ©. of this chapters in= 
Sspection of =the sample after the heating sequence showed that 
the sample was unchanged in physical appearance indicating 


a stable compound throughout the temperature range tested. 


Lead oxide on the other hand, exhibits a change of 
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Fig. 4-4 Real and imaginary parts of complex dielectric 
constant of ZnO as a function of temperature at 2.45 
Giz, wandvdensity o£ O7e8l6eon/cco. See figure 4-5 also. 
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4-5 Real and imaginary parts of complex dielectric 
constant of ZnO as a function of temperature at 
2245Ghzeanav density of 0.816 gm/ce. 

(Second interpretation) 
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de 
physical properties after the powder sample was oven dried 
aeet0O C for 12 hours as shown in figures 4-6 and 4-7. The 
dielectric constant, @', stays in the range between 2.2 and 
3.5 while the loss factor. &",stays in the range between 
0.12 and 0.27. It was also observed that after the heating 
Sequence, the sample, powder changed from a dark to light 
yellow color. The experiment was carried out up to around 


200 Cectnece thesscanple starts to melt at \around 700°C. 


Figure 4-8 shows the temperature versus time curves 
for cupric oxide using microwave heating. However, the 
heating curves do not agree with the experiment by Ford and 
Pei(2). As more power was applied to the sample, the so 
called "cut-off" temperature increased. For the three 
different input power levels shown in figure 4-8 (70 watts, 
72 watts and 74 watts) the final steady state temperatures 
reached were 700°C, 810°C and 888°C respectively. The 
change of heating rate at around 450°C is due mainly to 
the geometry of the sample and quartz sample tube, and the 
temperature profile along*the height of the sample®. 

Figure 4-9 shows the percentage power reflection of the 
sample versus detected temperature’ Wp to 888°C. Percentage 
power reflection of the sample reached as high as 65% at 


888°C for CUDEUCR Om mUcr 


Figure 4-10 shows the temperature versus time curve 


for zinc oxide. From room temperature up to about 200°C, 
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78 
the heating rate was very slow. Therefore strip—heaters 
(Cromolox PT-603, 300 watts) were used to heat the sample 
to 200°C before microwave power was applied. Applying 
510 watts incident power at 200°C sample temperature, zinc 
oxide heated up almost linearly with time as shown on 
figure 4-10. In less than two minutes, sample temperature” 
reached 1100°C. These results indicate a different cut-off 
temperature than 1100°C reported by Ford and Pei (2) for 
Zinc oxide, since sample temperature? was still rising when 
the sample tube cracked at h120°Ce Figure 4-11 showsythe 
percentage power reflection versus detected sample 


B for the same compound up to 1100°C. Percentage 


Penperature 
power reflection increased from about 10% at room temp- 


erature to only 16% at 1100°C detected sample temperature. 


Lead oxide was tested using 500 watts incident microwave 
power. Strip heaters were also used to preheat the sample. 
At preheat sample temperatures of 20°C, 170°C, 200°C, 220°C, 
BE0°C, 207°C, 340°C, 430 -GH 510 °Ceand 580°Cy. thegsample 
heating rate was extremely slow, typically, the heating rate 
was 4°C/min. At 580°C detected sample temperature, with an 
incident power of 497 watts, reflected power was 65.6 watts. 
Because of the phase change problem(29) which could occur 
anywhere between 20°C to 888°C sample temperature, further 


tests on the comoound were not conducted. 


Figurer4-12 shows a linear increase of the dielectric 
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80 
constant ¢' and loss factor ¢" of cupric oxide as the density 
Of (ie tsamp le iswinereascd. Since density is directly pro- 
portional to the number of molecules in a given volume 
WoLCcOeIny LURieoeaireer ly proportional to the real and Sim— 
adinary parts of the complex dielectric constant of the 
sample, the resultant linear relationship between density 
Of=the sample andpthe real and imaginary parts of the complex 


G@ielectric Constant Of Cupric oxide is expected. 
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Fig. 4-12 Complex dielectric constant of CuO as 
of density at room temperature. 
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Cw analysis tom Data 


1. Data on physics and metallurgy of materials tested. 


Most data on the physics and metallurgy of samples tested 
can be found in the Handbook of Chemistry and Physics(29) and 


the Encyclopedia of Chemical Technology (30). 


Cuprivevox dems bliacheinecolor, 1t has a monoclinic unit 
cell structure and its melting point is 1326°C. That the 
compound is stable below 900°C and pant Lal pressure oF 
oxygen at one atmosphere (that is, at 152 Torr) can be infer- 
req from a phase diagram in Stecker's paper(31), see figure 


4-13, 


log (Po. [Torr}) 





£6 Ag les O iy 2 1.4 
Reciprocal Temperature 
[Os yaraal 


Fig. 4-13 Lines of equal conductivity, x in mho/cm and 
existence regions. 
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Note that the ow conductivity of 10mho/cm at the same temp- 
efarure and) patria ee pressure ‘of oxygen is much lower than 

the conductivity of 103 mho/cm indicated in figure 3-6. 

Thus, errors due to evanescent modes should be much less than 


that indicated on the same figure. 


Zinc, Oxide ws wailte in color, has a hexagonal unit cell 
structure and its melting point is at 1975°C, It loses 
weight after sintering at S00eC and: at oxygen pressure of 
10 mm from a paper by Secco(32). One possibility of weight 
loss,) according to Secco, is the existence of an unstable 
superficial suboxide such as Zn50 or ZngO3. If the surface 
OL 'ZnO is Covered by a layer of the suboxide, the loss of 
weight may be due mainly to the dissociation of the surface 
suboxide. Thus, the sample used for our measurement may 
fot be pure ZnO. A small percentage of 1t may exist as sur— 


face suboxides. 


Calcium oxide ts colorless sand has a cubic unvt,celi 
Structure. ~Lts melting spointandebollinc) pointweerc at 2580 C 


and 1850 C respectively. 


Cupric sulfide is black in color. At room temperature, 
ie hasebpoth a monoclinic and a hexagonal unat cell” structure: 
The compound undergoes a phase transistion at 103 C and 
starts decomposing at 220 Cc. At this temperature, cupric 


sulfide combines with oxygen in the atmosphere to form cupric 
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Oxide and sulfur dioxide gas. ‘The decomposition is a gra- 
dual process at temperatures above PLO) VELAS AA WahL eye 2 experiment, 
the reaction starts at the two open ends of the quartz cell 
ena gradually proceeds to the middle of the cell. ‘The 
chemical formula for the reaction is 


ZONS 605 heat, 2CuO + 2509 (gas) 


The experiment £or Cupric sulfide was carried out from 
room temperature to the reported "cut-off" temperature of 
600 C. Sulfur dioxide gas was given off between 200 C and 
300°C during the experiment. After the heating sequence, 
part,ot the Sample had changed to cupric’) oxide chunks. Given 
enough heating time at above 22082 ache decomposition to 
Cupric) oxide will) complete and the sample will turn com- 


pletely into cupric oxide. 


Lead monoxide is also an unstable compound. It exists 
in two enantiotropic forms, alpha (yellow, tetragonal, low 
temperature modification) and beta (yellow, orthorhombic, high 
temperature modification). Its transitions are slow and the 
transition temperature is not known accurately(33). There- 
fore it could occur anywhere from room temperature up to the 
melting point of lead oxide which is 700°C. The complex 
dielectric constant data reveal gross anomalies which are 
likely to; besattributable to the change of state: of ‘the 
compound. The color of the sample changed from dark yellow 


to Light yellow after the heating sequence up to 600eG. 
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Tests were not carried to a higher temperatures because lead 


oxide melts at around 700°C. 
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2. Probable dielectric loss mechanism - dipolar 
relaxation stena conductivity. 

Tne Tee Lc behavior of a molecule may arise from three 
distinct causes. First, the electron cloud of an atom may 
shift relative to its nucleus in the presence of an electric 
field setting up an induced dipole. This Lmouced errect 26 
called electronic polarization. Second, the molecular struc— 
ture may be due to an arrangement of positively and negatively 
charged ions, which can shift from their equilibrium positions 
under the influence of an electric Eleta, thus Giving case CO 
ionic polarization. Third, the molecules themselves can act 
as permanent dipoles or dipoles can be induced by an electric 
field. In the absence of an electric field, dipoles are 
randomly oriented. Presence of an imposed electric field 
then causes a partial orientation of the permanent or induced 
molecular dipoles, Caus loo salet polanizacion. Auemnee WES 
termed orientational polarization. Any or all these effects 


may be exhibited by a given material. 


The five compounds under study, namely cupric oxide, 
CUpEric suicide, zinc oxide, lead oxide and calcium oxide 
are ionic compounds. They are amorphous in Structure and 
are powders at room temperature. For such materials, if a 
constant electric Field E is applied to them, polarization 
will not reach a steady state immediately but instead, it 
will approach it gradually as shown in figure 4-13. “If the 


constant electric field E is suddenly removed after the 
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steady state value of permittivity is reached, it will take 
some time for the polarization to vanish as shown in 


figure 4-14, 


The instantaneous change of polarization, from zero to 
P, as shown in figure 4-13 and from Py to P3 as shown in 
figure 4-14, are caused by the electronic and ionic con- 
tributions while the slow build up and decay of polarization 
is due to an orientational effect. Thus,materials which 
exioit onlyselectronicwend Tonic polarization have a 
permittivity which is frequency independent at all wavelengths 
longer than infrared. However, the materials tested in this 
Peoject dosnot titintoe this category. They exhibit complex 
permittivities in the microwave frequency range which is 
due to the frequency dependence of their orientational 


polarization <ahnd-conductivaty. 


For time varying fields, the force opposing the com- 
plete aiignment-of «the «dipole ime the dimnectionwom the field 
is due mainly to random thermal motions. This thermal 
effect causes the alignment of the dipole to relax 


exponentially against "viscous" forces. 


Debye's (35) classical analysis showed, for dielectric 
materials with a simple relaxation time, that for the total 


complex permittivity &(w), as a function of frequency, 
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Polarization P 


Time t 


Fig. 4-13 Build-up of polarization upon sudden application 
Of Steady field (34). 






Polarization P 


Time se 


Fig. 4-14 Decay of polarization upon sudden removal of 
steady field (34). 
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eee, 
OD aaa Saee 


where thissthe=relaxation time of a particular polarization 


mechanism. Separating the above equation into its real and 


imaginary parts, 





eed be 
SUN iy Ses erat eae. 
“4 € cole 
EOP ee ee mre sat 2 (4.4) 


Where tn 5 the Staricedielectric constant and Eni is the 

eleceronic andpionic contr youtiompor the complex dielectric 
Gonstant. Figure 4-15 shows a plot of ¢!'(#) and s"(w) as a 
function of +t assuming a value of €.= 8 and & \= Ze AS <o 
increases, ¢'(w#) changes smoothly from & to &,; while ¢" (~) 


Ss Sik 


has a maximum at wt=l1. 


Since the energy loss per cycle W, within the dielec-— 
tric material is given by the equation, 


W = WE ew) E dV (4:5) 


when only displacement currents are present. 


The maximum absorption of energy occurs when e'(#) is 
maximum. The frequency at which ¢" (#) is maximum is called 


the relaxation frequency. 


As the temperature increases, the rate of build up and 
decay of order of the dipoles imposed by the electric fiela 
also increases due to increased kinetic energy of the dipoles. 


Thus the relaxation frequency increases and 
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Pherctirves or Pov the real and imaginary parts of the 
complex dieleerricaeonstant as a function of frequency 
shift towards higher frequencies as shown in figures 4-16 
and 4-17. Thus for a constant frequency, varying the temp-— 
erature alone, the real part, ¢'(T), will go up and the 
imaginary part é"(T) will increase to a maximum and then 


decrease again. 


The above analysis accounts for those materials which 
have only bound charges. But for materials with appreciable 
number of free charge carriers such as electrons and holes 
in a semiconductor, there is an ohmic loss caused by the 
COLIAsdon Of chne notes orrelectrons®with® thevcrystad lattice. 
Migs onnec Pploss and tat conti ribouted by dipolar relaxation 
aAdgPaireculy. SO shor macroscopic properties of a 
material, the loss term, ¢£", includes the ohmic loss and 
dipolar relaxation loss? 


e"total= E"dipolar + E'conduction (4.6) 


where 


E"conduction = on (4.7) 


Pio Smkiown (ou, moo) that electrical conductivity 
g7 can be expressed in the form 

C= 6 exp (aT) (4.3) 
where 6, and a are material constants and T is temperature 
in degrees Kelvin. Equation (4.8) shows that electrical 


conductivity of a material is always an exponentially 
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Fig. 4-16 Shift of €" curve as temperature increases 
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imeCrGaci hOmcuncrion Of the temperature. Consequently, as 
evident from emuaiion (42:7), fe enduetion Nile glee pean 

exponentially increasing function of temperature. At low 
temperatures, the increase of é!o5+a4] will be due mainly to 
dtpolarpoelexacionmiGbeit exists. As _temperaturewinecreases 
SUC cCHer; Edipolar Will reach a Maximum and start decreasing. 
At still higher temperatures, the conduction loss will 


start increasing exponentially as shown on figure 4-18. 






Dipolar Relaxation 


Loss factor €" 


Conduction 


Temperature T 


Fig. 4-18 Loss factor €" as a function of temperature IT 
showing separate effects of dipolar relaxation 
and conductivity. (Refer to figure 4-4). 


ol 1] ; 
However, €aipolar and eee Priecect ayy, ieee overlap resulting in 


applot lo ieet ai oo) a function gf temperature as shown on 


figure 4-19, 
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Loss factor ¢" as a function of temperature T 

with effects of dipolar relaxation and con- 

ductivity overlap. (Refer to figure Heese, 
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3. Explanation OP Temperature cut—ori EErect. 


Results of experiments on the high temperature com- 
plex eer rc constant of cupric oxide seem to agree 
quite well with the theory presented in the previous 
Se€clion.selne curves Of the realliand imaginary parts .orf 
the complex dielectric constant of cupric oxide show a 
sharp increase at around 800°C due to the exponential 
increase of conductivity. Figure 4-1 shows that the 
conductivity effect is very strong already at low temper- 
atures. No) dipole relaxation peak in €" is evident even 
though €' increases between 2G0G) and 300 C . At least 
Part or the loss factor peak could possibly be found by 


GO@no  eOesito—-Zero temperatures. 


Since, high veluesor ¢' and ¢" will cause large re— 
flection, at high temperatures, the sample will reflect 
microwaves more and more like a metal. But still, some 
microwave energy is transmitted into the sample and 
being absorbed. Thus sample temperature should in- 
crease until the sample itself melts or decomposes. But 
this increase in temperature due to microwave absorption 
could be balanced by the heat loss to the surroundings 
due to conduction, convection and radiation resulting in 
a steady state temperature which would give rise to an 
apparent "cut-off" temperature. The 800 Cc (2100 °C) cut— 


off temperature for cupric oxide reported by Ford and Pei (2) 
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may be low, partly due to experimental artifacts. As 

more power is applied to the sample, more power is reflected 
but more power will also be transmitted and absorbed by 
the sample material. This increase of absorbed power will 
raise the steady state temperature. Results of the heat- 
ing .expermmment toteicupricwoxidenshow rbhat ds tincident 

power is increased, final steady state temperature also 
increased. But as temperature continues to increase, the 
conductivity will become so high as to reflect nearly all 
the microwave energy and a cut-off temperature could 
ultimately be reached. However, the experimental.data is 
not subpicient.-to preduct what. that; .cut—off, temperature 


would be. 


The above analysis holds true only if the material 
tLestedyvdoesnt i change, state or .decompose.g, Since cupric 
sulfide decomposes in air at around 2000Coe the heating 
experiment for the compound using microwave energy was 


not performed, 


The heating rate for calcium oxide is extremely 
slow, namely, 0.5°C /min for temperature up to 300 Cc. 
The slow heating rate is due mainly to the low loss factor, 
£70.03, 9£rOma room tempera unesto 800 C as shown in 
figure 4-84 pDuepto thiasjdowelossifactorjeilattle micros 


wave energy is absorbed by the sample material. The slow 
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absorption Of microwave energy is easily balanced by the 
heat energy loss to the surroundings through conduction, 
convection anceradiation. Due to this slow absorption 

rate and long heating time, heating time versus temperature 
experiments using microwave energy were not carried out. 
Instead, strip heaters were used to preheat the calcium 
oxide sample to temperature steps of 50°C, TOO. Per Ley) 
200°C, 250°C, and 300 C. At each temperature step, heating 
rate of about 25°) C/min was observed by applying 150 watts 


of incident microwave power. 


Heaving rate of Zinc oxide is very slow from room 
temperature to 200 C. Typical heating rate is 12 C7 min. 
Thus, strip heaters were also used to preheat the sample 
to 200°C before microwave energy is applied. From 200°C 
to 1100°C, the heating rate is almost a straight line as 
shown in figure 4-10. The "cut-off" temperature of 1100°C 
(GOOnc) reported by Ford and Pei(2) is probably low since 
the temperature was still going up when the sample tube 
cracked at 1130°C. Heating rate of zinc oxide does not 
seem to agree with the curves of the real and the imaginary 
parts of the complex dielectric constant of the sample. The 
low value of &" between 400°C and 600°C would indicate a 
slow absorption of microwave energy. However, since the 
sample tube for the heating experiment rested on a rela- 


tively cool broad waveguide wall, the sample temperature 
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profile along the sample tube can vary by as muchas 300 C 
between the middle and the ends of the tube. The average 
value for ¢' and €" for the sample along the sample tube 
will not be the same as indicated at a particular temperature 
on the complex dielectric constant versus temperature curves. 
Therefore, the heating experiments using microwave energy is 
only useful for testing the "cut-off" temperature CONCEeDE. 
The heating behavior of samples heated in this manner cannot 
be determined by data from complex dielectric constant ver- 
sus temperature curves. Increasing the waveguide tempera-— 
ture (using external heaters) as microwave heating of the 
sample progresses may be one way to overcome this experi- 


mental linrtations. 
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moon PoOOLnNOces 


“remperature difference between the middle of the sample 
tube and the two ends can be as large as 300 C at 800°C 
detected sample temperature. 


bremperature in the middle of the sample tube is detected. 
Whereas temperature at the two ends of the sample tube’ can 


be 300°C cooler. 
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CHAPTER 5 


CONCLUSION 


The theory of reflection from a multiple interface, 
combined with the development and limitations of perturbation 
theory is presented which allows dielectric data of metal 
oxides and sulfide as a function of temperature up to 800°C 
to be obtained. The results of the experiments show that the 
heating rate for a metal oxide is dependent on the com- 
plex dielectric constant of the material Gisela. Ulke 

ransmission of microwave energy into the sample depends on 
both ¢' and-gt.. The higher,the value for e' and e", the 
lower the transmission of microwave energy into the sample. 
The absorption of microwave energy, on the other hand, is 
determined by the loss factor e". The higher the value for 
" the more microwave energy transmitted into the sample 


t 


is absorbed by the sample. 
) ‘ lca 

At high temperatures, both &' and €" show exponential 
increases with temperature... Therefore, energy impinging on 
the sample will,mostly be reflected. But some energy will 
still be transmitted and absorbed by the sample. A steady 
state temperature is reached when the absorbed energy is 
equal to the heat energy loss to the Surrounailics schrougn 


Conduction, convection and radiation. Since the total heat 
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energy loss 1s difficult to estimate, thie tine! sresdy state 


temperature is difficult to pReaLet. 


Due to low absorption of microwave energy, materials 
with low loss factors are difficult to heat with microwave. 
This difficulty is shown by the results of the experiment on 


calcium oxide from room temperature to B00 CG. 


The measurement method presented is useful for measure- 
menteoe dielectricematercals witn ¢' values ranging from 1.5 
to 8, and «" values between .1 and 7 over a temperature range 
Bie C= 900 C. Within these ranges, the total uncertainty 
erroveie tess than 215% for 2° and less than +2 5¢eL Ore es 
With &" values below 0.1, percentage errors may go as high 
as 150%. This is due mainly to the uncertainty of detecting 
a small attenuation by the attenuator used. Errors due to 
the presence of evanescent modes are less than -5% for €&' 


ana =O, tor 6. 


Once the characteristic impedance for each layer of 
dielectric is obtained, the reflection, transmission and 
absorption of microwave energy through three layers of 
dielectrics can be calculated. The theory of reflections 
from a multiple interface, presented in chapter two, is 


useful for such CaLcuLat won. 


Results of the experiment can be used to advantage in 
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the heating or sintering of metal oxides and/or sulfides: 
This work also laid a basis for a better understanding of 
the heating process of metal oxides and sulfides materials 
using microwave energy. A more decaviedq study on the 
physical properties of these materials using more accurate 
dielectric measurements will likely resolve the remaining 
uncertainties in the explanation of the dielectric behavior 
of these materials at high temperatures. A better understan- 
ding of the overall dielectric behavior of metal oxides and 
sulfides as a function of temperature may be achieved by 
extending the dielectric measurements to sub-zero temp- 
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APPENDIX A - ERROR ANALYSIS 


In this section, the method for calculating the uncer- 
tainties of phase shift attenuation and temperature are 
worked out. The uncertainties in phase shift, 4¢ , and at- 
tenuation, AA, are then fed into the computer. The OR 
sultant changes in ¢' and €" calculated are taken as ee 
uncertainties in’ s' and ¢" cause by the uncertainties in 
the phase shifter and attenuator used. The uncertainty in 
temperature detected is estimated to he +5 °c, oc and 
tate at yissael, 400°C and 800°C sample temperature respec- 
tively. From the complex dielectric constant versus 
temperature curves for each compound tested, uncertainties 
ome’ and © due to thestncertainty of temperature are 


determined. 


Resultant worst-case uncertainty errors for cupric 
oxide at three different temperatures are summarized in 
Paglia fol. Table A-2 oives: the, total Uncertainty errors 


for different compounds tested using the same method. 


Suppose we have two approximations, x and y, to two 
true value, x and y, with the respective "errors, ©,, and 
ey: Then we have, 


xe Vis + C,, ey; + @€y = (x -~ y) zs (oe. = ey) (R= 2) 
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where the error in the difference , denoted by ex_y is 


ex-y = &x - &y . (A-2) 


Rearranging terms, equation (A—-2) becomes 





(A-3) 


ey Soap feo 
where Soca le 0 is the ratio of error to the approximate 


Aaeterence. Multiplying the ratiom by a hundred gives the 


percentage error. 


For cupric oxide at room temperature, A> = 5.8 and 
AA= .49 db have respective uncertainties of 10.5 and 
+.04 db. Therefore, the relative uncertainty in A? is 
+0 5 /5-8 = 986 or +8.6%.. Similarly, uncertainty inAA 
is +.08 db/.49 db = sets) eyes amily oe Substituting the uncer— 
tainties for A> of +8.6% into the computer program yields 
Ac'= 8.2% and 4é"= 0%. Similarly, the uncertainty for 4A 


of +16% yields Ag '= 1% and Ag'= eee 


At room temperature, temperature uncertainty, Zt is 
+5°C, From the €' and €" versus temperature Curves, Gace 
corresponding aé' and 4g" are een and-+18% respectively: 
The total uncertainty ero r sOr se for cupric oxide at room 
temperature is the sum of the uncertainty errors in €'. 
Sinileatiy, iol ,¢ thie total uncertainty error is the sum 


of all uncertainty errors in ¢’- 
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Worst case errors due to evanescent modes can he esti- 


mated and corrected for as discussed.in chapter 3, section B3. 


Table A-3 gives the worst case error due to evanescent modes 


for different compounds tested at different temperatures. 


Amplitude 


uncertainty 


Lae error 
2356 | aa P6% 
e'=t) 1% 


17% 


AA= 3.4% 
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Phase Temperature 
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AT= 20°C 
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UnCemat ainty 


Cr Goi 


14.5% 


18.8% 


2.9% 


7.04% 


4.65% 
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Table A-l Summary of uncertainty errors for CuG, 
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APPENDIX B —- COMBUTER PROGRAM FOR ITERATION METHOD 


This work was run on IBM program product APLSV being 


run under Michigan Terminal Sy 
ning on IBM system / 360 model 


Alberta. 
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APPENDIX C — IMPURITIES OF COMPOUNDS TESTED 


Powdered*=Cuo0, ZnO, Cus and PbO used in this work were 


contains these compounds! impurities. 


trevally Graded. 


Cuprveron2 de 
Maximum limits of impurities 

Tnsoluble in HCl 

Carbon compounds (as C) 

Chloride (Cl) 

Nitrogen compounds (as N) 

Sulfur compounds (as SOyq) 

Free alkali 

Substances not precipitated by H95 
(as Sulfates) 


Ammonium hydroxide precipitate 


Tancwors oe 

Maximum limits of impurities 
chloride’ (C1) 
Insoluble in dilute H 950, 
Nitrate (NO3) 
Sulfur compounds (as SOq) 
Arsenic (As) 


Iron (Fe) (limit about O7001%s) 


The List that follows 


Only CaO was indus- 


0.02% 
0.010% 
0.005% 
0.002% 
0.02% 


TO passetese 


0.20% 


0.10% 


0.001% 
0.004% 
0.002% 
0.002% 
0.00002% 
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Lead (Pb) OF0027 
Manganese (Mn) 0.0003% 
Substances not ppt'd by Ammonium 

sulfide 0.04% 


ALRauiIn yey Peele 


Lead oxide 


Maximum limits of impurities 


Nitrate (NO 3) 0.005% 
Iron (Fe) OP Cole. 
Copper (Cu) 0.000% 
Alkalies and earths Orel 36 
Insoluble in acetic acid 0.00% 
hOSSsPong2on7 tion Om. 
Chioride’ (Cl) 0.003% 
Bismuth (Bi) On0Les 
Silver (Ag) 0.0002% 


Coppem(ic) sulfide 


Maximum limits of impurities 


Chloride (Cl) 0.005% 
Iron (Fe) 0.05% 
Alkali salts Olas, 


Calcium oxide 


Micduciola lLsocade 


wEO-0 


nah et 2 
m0) 


.O 












ebixo baal {. 
sottixogmt 26 od tenet mumkeet ‘ 48 
(¢Qh) edsitin 
(et) noir 
{w2) aegqed 
eities Bae setlists i 
“bins, beeps r, t4 aiculoant 
 “watabnen ido waar 
(19) ebtsenda” 
ee 
eine i 4 
“Sot Vine ag 
-obhiiere (ot) 19qq03° o ety 
esi - eremi lt ree: 

















